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1.0 TINTRODUCT LON

Thin final technioal raport is submitted in complisnce with ocontract data

reguiremspts list (UDAL) #mequence rumbar §, DD ferm 1423, oondract No.o POY¥6§1-
T7-0-0017, *Hot Pall and Sccket TYCW.

@ seopes ol work covered by the above contract Included {our phasey as

followa:

Pnama 1 ~ Program Plan and Nozzie Demign

Phase (I Frboricatiom and Teating

e 111 - Bozzle Redesign and Supporting Efforts
s +I¥ - Fabriostior andé Tesving, Second T-in. Noazls

The basic program conslsted of »hases I and IXI. The primary objeative of
he basic twuo-phase technical effort wes to demonstreate the capability of a hot
L and sooket (HBS) thrust wvector control (IVC)} system to perform to the

1 yuirements typical of the MX Mrst atage nozzle {(1,4¥00 pasia for 60 sse with a
90 20lids/21% aluminum (AL) hydroxyl-terminated polybutadiene (HTPB) type

pro allant ). The first phase : wolived the design and analysls of a 7-Iin.

throat diam=ter (I?t) HBS nozele TVC system. The sescond phase encompasaed the
fabrication and stvatlc test firing &l the Alr Force Rooket Propulsion Laboratory

(AFRPL) of ome nozzlae and TV aystem,

Phaser 117 and IV were later added to the basic program following the exit
cove Palleve sxpertenced durdow teast Ciripg of the flrat Fedn. D nogzla,  The
¥ ¢ %
wrimary obloctive of the add-an effort was to correct (he problems sneountered

I ¥ J

]

and demonstraie socceastul opesrcation of dbe T-drn. by HES

durdng Lne firat

under condftions reprasentatlive of adveancad upper-stage appllications,

approximately 790 psla Yoo 75 mec with a propeilant of sodersie eroslveness,

Phase 101 enversd wodiflesiion of the design of phase I, snalyasis of the

modlyied dendan, laboratory testing aod sabacsle flriog Lo support the rodesigh

affort. bprase IV dooladed Dabyriast ton of the second Vedn, Uy poxede, mateclial

R
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property testing, nozzis bench testing, statio firing at AFRPL and, subasquent

posttest wnalysis,

The psriod of performence for phases 1 and IT aowvered from Maroh 1977
through Novamber 1979. The first nozzle was static Lest firud 8 Pabrosey 1979,
Phases ITX snd IV coversd the period April 1980 through January V982. The
second nozzle wes static fired 20 November 1981.

Pricr to testing the first 7-in. D, wozzle, Chemloal Jystens Division (C3D)
experience with the HBS TVC nozzlc conaisted of two oompletely sucosssful firlng
demonstrazions of 2-in, Dt mwozzles. The first, daveloped under Indepandent
Research and Development (IR&D) funding and tested May 1976 &t AFRPL,
dJemonstrated single plane vectoring of 16 Jdog at ms sversge pregsurs of 882 pals
for 41 ssc. The seoond, tested at CSD in Auguoet 1970 under Naval Surface
Weapons Center (NSWC) contract No. N60921-7T-C-0240, sucaesafully denonstrated
15 deg omnlaxial vector ocavahility at an averams prossure of 1,000 psia for 23

sec. These two tests were succesmaful in all respects.

A maicr scale-up affor: was undertaken in the program reported hearein. The
challenging degree of sceleup can be ssen in Figure 1 which compares the 2-irn.
Dy ball teated in 1978 witn ths T-in. Dy hall teastsd under this program. The
first 7-in. Uy nozzle md s throat area over 12 times larger, a test | 'sasure
35% hizber with a more severe propellant sod was tested on a motor with 50 times
the propellact veight than that assoclated with the NSHC nozzle, the largest

tested (o tLhat date.

]

%mm&mmmmm&mmwmmmmmmmm N ) R ! o
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Figure 1, C aparison of H3WC Z-ic. Dy Bali Tested August 1978 with
AFRED, T-1n, U4 Ball Tested Fabruary 1679
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2.0 SUMMARY

The static tes! of the first full-scale (7-in. D¢) hot ball and socket (HBS)
thrust vactor oontrol (TVC) system was planned to demonstrate the integrity of
the nozzle system under conditions repreaantative of the MY first stags and to
acquire data to define the TVC performance wider thess oconditions. The atatic
test was conducted on the Short Length Super HIPPO (SLSH) motor at test pad
1-528 ©f the Rocket Propulsion Laboratory, Fdwards Air Force Base, California.
The propsllant was Chemical Systems Diviaton®s (CSD) UTP- 188034, a 90¢ molids,
21% aluninum hydroxyl-tarsminaced polybutadiere (HIPB) formulsilon. The measured

average prasgsure was 1,355 psia, and the duration was 50 sso.

The syatem performed as lunned up to 10 sec when gas leakege appeared at
the threaded interface between the ball extsnsion and the exit cone && an azl-
muth of about 100 deg. Hetwaen 10 and 15 sac the leakage plume grew in size and

aft toward the actuator attach ring. A second leakage plume at about 60 deg was

obaerved beginning at 13.9 sec.

At 16.% sec i leak at the 100 deg azimuth guickly opened up aft to the
compliance ring. At 7.3 sec the nozzle began moving as programmed from 8 deg

bock toward aull, bt gtalled at a 7.5 deg vector angle. ‘The ball remained

intact at this angle throughout the remzinder of ths 60 sac propellant burn.

At 18,6 ase an sdditional leakage plune was seen at the 330 deg azimuth. A

flash was obaerved at sbout 190 dey, snd the apparent corack at 60 deg opened
greatly. At 18.7 ser the exit corm brolke up and was erxtruded througn the atesel
actuater attach ring and ejactexi. The actuator attach ring weas wjectesd at

19.Y s=ec.

kasentially all of the efected nuzzie components were renovared. The
rrozzle was reconstructed to assesa the fallurs, snd contour mes: ared to deter-
mine material erosion. The ballistic throat erosion rate was 11.0 mila/sec.
Key recovered componeris werg Porwarded Lo Southesro Hesearch innstituts {(SolHi)

and Atlantic Hesearch Corporstlon {RARC) for Mapther analveia,

R A i L e
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Upon nozzle disassembly and posttest anslysis, the socket was found Lo ba
cracked. The orack in the socket may have hean related to the losa of the exit
oone and actuators. The losa of the contribution of the axit to thrust and the
loss of the forward actuator bias load (pull-cnly actuators) nearly tripled the

bearing load on the socket.

The following significant problems were observed in the test and posttest

analyaia:

Thread leakage, exit breakup, and ball extension loas
Excessive forward aplitline erosion

Aluminum oxida-daposition leading to TV( system stall

& 2 e 2

Cracked socket.
The following was accomplished in the test of nozzle S/N 1:

® Demonatrition of survival of the ball and socket at an average
pressure of 1,355 psia for the entire planned 60 aec duration

) Succesaful vectoring through 16 deg of travel for the first 17.3 sec,
including deflection to the planned maximum angle of 8 deg

[ Command to position accuracy of better than 0.1 deg.

The design of nozzle 3/N 1 was modifled for nozzle 3/N 2 tn correct the
problems identified in the first teat. Laboratory acale teating and a subscale
verification firing were conducted tc evaluate the modifications planned for
nozzle 3/N 2. The deaign modifications inciuvded an improved exit cone and
Joint, a sacrificlal entrance sxtension, carbon-carbon {C-C) surfacse treatment

o

and a carbon-phenolir lockring as a replacement for the C-U.

The stat{c test of nozzle S/N 2 was conducted on the SLSH motor at the Air
Force Hocket Propulsion Laboratory (AFRPL} under conditions rvepresentative of
advanced upper ataze applications. The propellant was CSD's UTP-19687, a 90%
aolids, "0% alominum (HTPR) type with 12% oyclotetramethylene tetranitramine

{HMY ). e measured aversge prassure over Lhe 7% aecr duration was 688 psia.
£ 1
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The nozzlo experienced seavere annular flow around the hall for 5 sea after
igniticn. The flow resultsd frow tiw ineblility of the ball to instantansously
translate 0.30-in. from the foivwerd lock: ing to the socket due to the inability
of the pull-only actuators to instantmneously backflow hydraulio fluid snd allow
motion. The ectuators held the ball off the socket wntil the actuator cylinders
bled down, &t which point the ball sealed on the socket. Aluminue oxide deposi-
tlon from this temporary flow wan extensive on the ball, socket and lookring

surfacss, and led to nozuzle atall alfter the flrat veaotor svent.

Upon pesttest disassembly the oomponents were found to be in excellent
condition considering the unexpsctuedly severe acnditions to which they were
aubjected. 1In fact, the socket, exit ovne, metallic structures, and actuation

hurdware are virtually reusable.
The problems associated with nozzle S/N 2 are summarized as follows:

® The actuation system was unable to instantaneously relieve hydraulic
fluid from the antuator oylinders, and prsvented the ball from trans-
lating 0.30-in. and sealing on the socket for about 5 sec

o During nearly 5 sec of annular flow around the ball, aluminum oxide
liberally plated on the ball, =ocket, and lockring

° The aluminum oxide solified after one succezaful vector evsnt,

stalling the syatem.
Significant accomplishments recognized include:

) Demonstration of the capability of a large (7-in. Dt) HBS nozzle to
survive the thermal/structural enviromnent associated with advanced
upper stage conditiong

s Demonstration of the tenacity of 3B C.C as evidenced by survival in an
unexpectedly adverse eavironment during the 5-gec of annular flow
arcound the ball, snd wmder subaaquent stall foroes experisnced during
the remaining planmed curstion

* Damonstrationr of a largs C-C ball and aocket to provide 2 non-leaking

tntarfane once pesled.
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Demonatrat.ion of the erfectivensss of the gaarifisisal entrance to
reduce sntranca and aplitline erosion.

Aequisition of atgniticant. data and experisaoce to ensble Incorporatt on
of improvements in C-C matarials and subssquent HRS 7YC designs.
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NOZZLE S/N 1 CONFIGURATION

The first 7-in. Dy nozzle conformed to Chemiesl Systema Division (CSD)

drawing C13179-01.01, "Stalle Teat Assembly - Hot Ball and Socket 8 Dey.

TVvC

Pavsical charactsristics of the nozzle asmembly depicted in Figure

wlth the Short Length Surer Hippo (SLSH) test motor.

o of 13.8,

socket) and exit vone were all 3D carbon-carhon (C-

carbor

- SLYH
abantm

Rate A e e gy nches,
Filgure &0 Eot Ball and Socket
8 e oy Contyaet Mt [ I SO

N
E N 90 corbons

Specilic gravity
190 /e

& inciuvded sn overall lergth of %9 in. end a dismaetor of 40 fn. at the Interface

The {nitlal *throst dizme-

tar was 7 in., aad the exiv plane dimweter wes 26 in., providing an initipil

The ball/integral throat and entrance (ITR), svcket, lockring (forward

Ny
i

The billets from which

these components were machined were fabrl-abted by Fiber Materials, Inc. (FMI)
with Unton Carbide T-300 fiber.
to the 7 in. billeta, fabricated by FMI for the AFWAL/ML T-1in. MANTECH program®,

axcept thal reinforcement spacing was reduced ¢to 0.28C 1n. at the throet.
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Tha socket praform {ncluded bdoth the sacckat and lockring. The scokat
preform design (Figure !') reflected an atiempt to Lnorsasy the axial stour-out
carablility of the finished parts. A 1% deg Crustre design wes umed to ensble
the axla) fiber bundles to contribute to the axial plane thear stroengih.
Weaving . ne socket praform as a frastra reqguired an ifncrease in the nusher of
axial am radial bundles as the dlametsr increased to prevent the axial and

radial voliume fractions f{rom decreasing from the forward to aft end,

The exit cons preform deslgn {Flgure 5) contained a 40-~40-20 axial, clrcum-
ferential and radial volume fraction distribution. The exit oone design
reguired a step abt about mid-length to accommodate a shear lip for the actuation
compliance ring. In additior to incressing the guantity of awxial and radlasl
vara bundles as the diameter increased, the axial bundles were tapered to pro-
vide n more wniform volume fraction distributicon, This preform presented a
major challenge to 3D weaving technology in that 1t 1s the largest 3D C-C
frustra ever fabricated, and many of the imnovations to provide a uniform part

had never been attempted on any previous part.

Snckat components

Geomelry compansation

o iapsred axial yans
® Quantity of axial and \ agie
yarns increasad from forward
to afi sections
e fxials woven at 15 deg cone
halt ang'a

Bemnforcanen! graph
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“’] Construction detais
-
] / @ Soacing

Sg = 0.10/0.15

e 1A
r“";a:-—----g S(- = 0.12%

Spe = 0.8

Nominai volume frartions

T‘*whﬁhm Vg = 20%
e Vi = 0%
Vi, = 80%

i

Geometry compensation

v Tapered axial yarns
woven at cone

e (uaniity of axial
and radial yarns
increasad with

increasing diameter
B ‘"'“""-n\,_ e Forward integral
9.3 - flange section
e KN

Preform overlay -~ 30 C-C exit cone
Figure 5, &/8 1 Fxit Cone Preform Design
27156

411 biilets were denaified using FMI's 5 ksl pressure-impregnation-
carbonization (PIC) precess. The tmpregnant used during densification of the
bali and sccket billets was allied 15V noal tar pitch. The socket and lockring
were subsequently macbined rom cne billet. The final density of the ball and
gock- ¢ Pillets was 1.9 gm/cc.  Bshland 4240 petrolenm plteh was used for the den-
sification of the exit cone. A summary of tne densification process for each
billet s summwar {xed in Table 1.

The exit conv z#lso presented a ms jor challeage in denaificatlon because of
ita afze and shape. The fi~st two low-piressure oyoles were sach followed by
graphitizatton,  Uaring the inicial eycle a problem developed. The oone buckied
Toce lly in thres locstions ac the largs diamater. Laok of proper {rame support
duiring the tritial cardonization appsrsptly caused bthese buckles. During
sitbisaquent procesning the buckles, or uwuisntions, reduce in ssveriltly, out Lhe
finad machined part still axlobited welnkies . Following the two low rassore
cycles, e BITIet wma ogphfected Lo twe & ksl PIC cyoles, bringing the deusity

IEET S C S T I A A: thig polut Low por

ure lopragoal ton and armospharioe

2
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TABLE i, DENSIFICATION PROCESS SUMMARY, NOZZLE 5/N 1 BILLETS

2043L
Low Pressure
Impregnation
Pitch and Carboni- Presauweﬁ" PICE Resin Grapaitlzetion
Impregnant { zation Cycles pal Cycles | Cycles Cycles
o 1
Throat 15V 1 5,000 5 2 g
Socket 15V 1 5,000 5 1 T
txit cone A2k 2 5,000 2 2 5
—— i 1‘
% PIC = pressure impregnation and carbonization
t For PIC cyles
-

carbonization with resin was incorperated to increase fthe density toe 1.7 gw/cc.

After final machining, the ball and socket were CVD infiltrated with pyrelytic

graphite.

Figure 6 depicts the {inal machined ball, socket and lockrivg. Figure 7
shows the exit cone as part of the nozzle assemhly with Uie gcetuatorss attached
to the compliance ring. The lockring exhibtited in Figure b was not used in the

static test assembly ailnee 1t falled in bench testing. The lockring failure and

asubsequent recovery sre discussed in section 4.1,

The actuation system consisted of four puil-Forward-only hydrautic actua-
toes inatalled between the nozzle adaptor ring and exti sone complliance ring.
Oppesing palrs of actuators ware controlled hy » ootuch and yaw servaova've that
reaponded to commands origlmating tn o a duty covele generator and proaoessed Dy oan
electronte control unlt, completing the closed-loop conirols One poatantlome?er
iratalled in each actuator provided nozzle posnltion feedback. 1o the puall only
configuration the nozvle blowolT load is raduced by U wimount of tha pull load
of the setuators, reaulting in reduced bearing loads sl Corque. The actualor

t s

assembly cont'iguration in presente tn Fluare o)

Phe vozr e/ SLEH motor alapter and compltomen pine wers omade of 8314500 ad

130 mteed raspect ively. Cooober oand silzonsohenoi e temulatons protectaed the
mat ot te o steo s Jeesa fhes adph Teaperal e of the

vy
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Figure 6.

Final Machined Ball,

socket and Lockring,
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b0 RESULTS - NOZZLE S/N 1

N1 BENCH TERT

Prior to asaenbly of the carbon-carbon (C-C) nezzle, the steal adapter ring
was asaembled with a ateel ball, socket, and exit cone, The stecl assembly was
mated with the actuation system in the exact configuration planned for the
gtatic test assembly. This preliminary bench test configuration, shown mated Lo
the bench test fixture ‘n Figurs 9, enabled the verification and tine tuning of
the actuation system prior to checkout of the static test assembly. Upon
completion of the actustion system checkout, the atatic test assembly components
were assembled and bonded by Chemical Systems Division (CSD). The assembled

nozzle ic presented in Figure 10,

The nozzle was agsembled to the same test fixture shown in Figure & {for
hench test checkout. The objective of the bench testing was to subject the

assembly to every load it waz to see in firing, except of covrse; thermally-

irduced leads. The imposed loads include those on the forward lockring
during prefire steering checks and motor pressure tailoff due to the forces

rosul ting from the pnll-forward actuators. During these Cimes bhere is no

TS W I
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Figure 0. Hob bBall and Socket Nozzle and TVC Assembly,

blowoff load, g0 the foerward actuator load 18 unopposed. These are the only

Limea in the firing sequenca that there 13 a load on the lockring.

Failure of the lockring cccurred during sinuiation of the pre~ignition
staering checl wheo there was no internal pressure (blowoff load). The load

during this part of the test waaz 30,000 to 40,000 lbf ferward, all from the

actuators. The lockring threaded to the sockel failed ip hoop tenaion, brealking

into 3-120° segmencs while vectorad over 8 deg. The axial ioad was then Laken

by one gegment that sheacod the [orward 1ip of bthe sockel along a meridionod

{xbanced Yaxial® or coniceal veinforcement).  The tailed loeokring iz shown 10

Figure 11. The forward entrance insulabtors that provide some load carvying
1,

support Lo the lockviyg were not asaembled to the noezle ol bhig Lime Al s,

thare wase no adhesive in the throads pelween Lhe tockrong and sockel, an waas

typical of two eavlier sucoessful U

ance cnd some abiilty to defleol alihough Loe bheeods weeo "Uipnt® . Ty

orcarvanee of  Lwo independent Caiiuras wan ooeludeds 8 hoeop Pallhues of bhe
Torkring and ) oshess Y ure ol e socket foewaod o,
g

i ADOBIA T  E T eat .

At emive deaipgn, so Lhere was sowe oo
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Figure 11, Lockring Failure which Ueccurred during Bench Testing,
Nozzle S/KN i

27267

The design modification implemented for the forward eud of the nozzle is
presented in Figure 12, The socket and phenolic ring ¢n the outside diameter
{OD) were leit bonded in the adapter ring, but machined back to the "equator",
which remcored the damaged portion of the socket. The lockring and grafoil were
replaced with a ring from a 7-in, "MANTECH"-type billet made of HM fiber, wound
by Haveg and densified at Fiber Materials, Inc. (FMI). ‘Threads were eliminated
and a steel wing and insulators were added to give more rigid support in both
radial and axial (forward) directions. Bearing area of the lockring was

subatantially incrensed.

Upon completion o1 the desige modification the nowzle was again wated to
the bench te.t fixture. The nozzle was successfully subjected to the full for-
ward actuator load of 36,000 Ihtf. Attempts to pressurize the plugged nozzie and
voector at o blowoff lLeoad equivalept. Lo 1,900 psi motor chamber presgsure weore
snavecasatul . Leakage off GN~ through the enld ©D U-0C prevented foil preessaed-
sabione The hipgh permeability of 3D C-C at roan temperature is dell known,

fesnyer 1 sppronchess vere b aboots 2LO00YVY D o Teakage duciip Fiving i opegl i

peablonm was cne of Poettity dimitetions,. The D OO surlaces weare
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subsequent ly «wealed with RTV rubber enabling succeasful loading of the ball and

socket.  The RTV rubhber, however, prevented vectoring of the ball while loaded.

- B2 STATIC TEST

4 h.2.1 General

The statie test of the full-scale (7-in. Dt) hot pall and socket (HBS)

thrust vector control (TVQ) system was planned to demonstrate the inteprity of

the nozzle asystem and acquire data to det'ine the TVC performance under statie

firing conditions. The 8 February 1979 static test was conducted on the Short

Length Super HIPPO (SLSH) motor at test pad 1-52A of the Rocket Propulsion

5? . Laboratory, Edwards Air Force Base, California. The motor was assembled by Alr
¢r 4 Force Rocket Propulsion Laboratory (AFRPL) personnel in accordance with CSD

| drawing C12413. The nozzle as installed on the motor is shown in Figure 13. The
3 i propellant was CSD's UTP-18803A, a G0% solids, 21% aluminum hydroxyl-terminated

polybutadiene (HTPR) type. The igniter, a phenolic cartridge type, was in

| s ~ ; s, y m : oy
, accordance with CSD P/N C00631-07-01. The predisted average pressure was 1,235
l' .
psia over the planned 60 sec duration. The planned duty cycle is shown in
& Figure 1Hh,
i

14187

P 1 Moy be JoN T g Tt oo Tant o 100 Mot op

’ SR 7 T




£ - aHkasMWmmi vﬁﬁmws-
E.J' 5 4o ; t fﬁ l . .

¢ o '
:s 0 - 2.0 deg sing ]
g 5 1 | at 2 He (not to scale)

2.5 deg oltset

. A T
ﬁ;rf_“_‘,”f’”““‘f’_‘ff el L

. ﬂ I

{) =

RTINS W AU PRSI WIS M-
: - \° 1.25 deg tiangle

Yaw command, ¢ag

.15 b — Y S
° . at 0.3 Hz, typical |
[ —
0 10 20 30 40 50 60 70 8) Q0

Ignstion

Figure 14. Planned Static Firing Duty Cycle, Nozzle S/N 1
27158

'we minutes bafore ignition the nozzle was vectored 8 deg in the pitch and
yaw axes to verlify the readiness of the system. The nozzle/TVC system responded

as expected. Upon igniticn, the syatem performad as planned up to 10 sec.
Between 5.3 and 9.3 sec the nozzle successfully executed a 1-1/2 deg vectoring

sequence with torque levels as expucieu. 4AU 1U.0 sec gas leakage was obzerved
at the threaded interface between the ball extension and the exit ceone atl an
azimuth of about 100 deg. The downward angle of the leakage plume (back toward
the motor), as shown in Figure 15 suggeats the leak followed the threaded

boundary betwsen the exit and the ball extenslon. Between 10 and 1% #ec the
leakage plume grew in size and aft toward the actuator attach ring. A second

leakage plume, at about 60 deg, was observed beginning at 13.9 sec.

At 15 sec the nozzle bYegan ventoring to B deg in the yaw plane, conmpleting
this event as programmed at 16.3 sec and holding at 8 deg (for a one-ssc hold).

At 16.9 sec the lsak at the 100 deg azimuth quickly opened up aft to the compli-
ance ring, (Figures 16 and 17). At 17.3 sac the nozzle began moving as pro-

grammed from 8 deg back toward mull, but stalled at 7.5 deg. The ball remained

at this angle throughout the remainder of the 60 mec durafrion.

At 18.6 nec an additional leakage plume was seen at the 330 deg azimuth, a

flush was observ~d ab about 160 dag, and the apparent orack at 60 deg opened

graatly. At (6.7 smec the exit oone broke ap and was extruded through the ste]

44
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Figure 15. Initial Leakage Plume
27264

The actuator attach ring was ejected at

actuator attach ring and ejected.

19.9 secz,

A crack was observed in the ball extension shortly after the actuator
The ball extenzion subsequently came off in threc pieces,

t. 20,8 sec,

attach ring was lost.

at three different times. The section from §0 tc 220 deg was lost a

the 220 to 270-der piecs was loat at 26.0 sec, and ihe remaining piecce (270 to

90 deg) at 80.% sec. The sequence of events is summarized in Table 0.

As noted, toe ball - which includes the throst - and the sockel reaained ia

place, but with the ball! at a 7-1/2 deg vector, throughout propelilant burn.

Tatloft was at 8.8 sec. Figure 18 compares the predicted and measurced chamb -

preswure.  Chamber pressure was subsatantially higher (V%) than prediciad ot one

maxt wm, hut waa not delerained to be enuse of the fadlare. Thne siagimem megsi-

ured prossure wans 1 630 patay average preassure w35 padoas
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TABLE 2. SEQUENCE OF EVENTS, MOZZLR S/N 1

20435
Approximmtie
Time,
B Evant
0 Motor ignites, firing proceeds as planned
5.3 -~ 9.3 Nozzle vectors as planned in yvaw plane, one and one-half
eyeles with 1-1/lb-deg amplitude
10.0 Small leakage plume observed at threads at t{he 100-deg
azinuth
10.0 « 13.9 Plume growa in size, extends aft
13.9 A second leakage plume begins at about 60 deg
P1%.40 Nozzle begins vector to 8-deg in yaw; leakage plums at
i 100 deg sxtends forward
5.3 Leakage plume at 100 dag extends aft
16.3 Nozzloe cosmpletes vector to 8 deg g8 planned, begina i-sec
planned heold
16.9 Leak at 100 deg quickly opens up .n aft direction all the
way to the compliance ring
17.3 Nuzzle begina planped return to null, but atalls ut 7.5 deg
18.6 Additional lweakage plume appears at 300 deg; [lash sesn at
190 deg; and crack at 60 deg openn
18.7 it corne breaks up and ts extruded through the stse) actustor
attach ring. Baill remiins in place st T.% deg onwle of yaw
plane
18.9 Actuator attoch ring is = jected
208 Hall extension gection from 90 to 226 deg ejerted
2600 Ball extension section from 220 to 270 dey ajected
N Hotl extensioa ssction from 270 to 90 deg e Jacted
BO. b . RiLH Palt, which includes throet ramains in piace; propellant
e conttnoes as planned
s8R 8 Motor tallof? cceears nesr expanted §lme
A A e et S b s 4 e e o)
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%.2.2 TVC Data

The HBES TV( nozzle performed the %8 deg trapezoidal wave form in both the
piteh and yaw axis during ambient pre-~ignition steering cheoks as expacted.
During this prefire seguence, the basll was vectored ageinst the forward look-
ring. During firing the nozzle accomplished 17 deg of vector travel in the yaw
piane up to 18 sec, £he time of wexit come ejection (no vectoring was planned in
the pitch plane during this time period). The achieved angular movement during
the test firing is shown in the plot of yaw position versus time (Figure 19).
Movement of the mozzle as expected was recognized during the 1.25 deg triangular
commands between 5 and 9 seconds at a chamber pressure of 1,400 psis. An 8 deg
vector position was achieved at 16 sec when chamber pressure was 1,580 paia.

Measurad torque is plotted against time in Figure 20, Figure 21 presents
a crogs~plot of nozzle torque versus nozzle deflection angle for vectoring to
tl point of failure. The hysteresis torque determired £rom the full loop
wihisved between 5 and 9 sec 1s equivalent to one-half the width of' the loop, or
126,000 in.-1b. The friction coefficient determined from the datn was 0.11, com.-

parable to previous subscale teat data.

The offset torque is the difference between the center of the measured
torque loop and the axis, and is equal to 34,000 in.-1b. Since no offset
torgues were saen durlng bench test or prefire steering checks, the origin of
the offset 1s aerodynamic in nature. Industry data indicate thet the magnitude
is typlcal for rozzles of this size. The HBS aercdvnamic spring torque was

essentially zero.

The mepagrasd torque for the vector event to +8 dap 18 significantly higher
than eariter events and ultiagtely reoseched stall conditions before exit fallure.
The frereasing torgue and subsequent stall torgue way atiributed Lo inorsased

friction due to aluminum oxide depositicn in the forward splitline.

BL2. Uhermecouple Deta

Nineteen thermocouples were inatramented to the aft hall, sockset, eri! cone
Aard crs oactustor {piteh « st top desd oenler (TDCY).  The loestions are daploted
o Figues 00 The tomperatare peaponss of thecseoonpleas TU T theough To. 1% is
prasartec in Flgores 231 threough 51,0 Note that 120 ser corresponds with ignition.
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Review of these thermocouples indiecate all were responding normally axcept

for TC-A which was not reading at ignition. Thermocouples 1 through #4, monitor-
ing the backface of the socket, were racording tempsratures of 100°F or less, as
expected, u» to 16 sec when the ieakage and subsaguent exit cone ejection
resulted in logas of data. TOC's 5 through 10 (at the ball aft end and forward
axit cone) except for the non-fun tioning TC-8 did not shaw anomalous hehavior
inder the aircumstances of sovere flow experianced in this reglon. TC's 5 and
10, closest to the major flow, exhibited a significant change in therel
prasponse at 19 aec, when the initial flow started, until loss of data ocoinclding
with exit efection. Thermocouples 11 through 14 in the compliance ring region
exhibited maly a slight fapprovimately 200F) tempecaburs rise at 10 sec. Two
thermocouples near the exit plane (TC's 1% and 16) were not significantly

g

affected hy the sonditions between 10 sec and axit ejection. Tusrmoocuples 17

ana 1% on the 0 deg actuator cylinder unde o 1/8-in. thick silicone rubner
Luyer remalned at approximately 60CF for the emlire vime w tc exit ejectlion.
thermocourie 19 on the actuator sheft rore only 157F at the time of the initlal

lapls

4.7.%  Strain Gage Data
Four strain geges were lcocatwd on the compliatce eiog 9GY apart as sbows in

Flpurs 27, Plota of astrain varsus tlae For bhese Tour gages are presenced 1a
Figures 52 neough B0 One sign) Mlesnd dndicaiion exhibived is at 16,25 seo
correspordivg to bthe Lime (b nouorie sid actngpiors asparieral b atatl Foeoy ob
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Figure 45. Strain Gage 4, 270 deg from 9DC

aver 18,000 1b,  Another indiomlicw ab the 270 deg azlmoth (56 %) between € and

0 see correzponds to TVC actuator forces oxerted durlng this perinod.

§.2.% Recoversd Hardware Studlos

The sowxle hevdwars which remalned fobact ws dlssaseabled and studied
aling with the recoversd ejected hardwwsrs. The Chres pleced of the hall
etenslon and the exlt (which sspurated into 14 largs plecss) ars ahown —eassem-
bled in Flgure 6. The 100 deg Jocaticn whore leskage was Pirst obssived iz
clogest to the csmera. Nowe key pleces of the sxli abt the Lhresded forward end
whiclh ars seun to be miasiog were nobt precovered.

The postfire batl snd mozzle ring sre ssen in Flgure ©7 awd with the reaove

erad 20t hall extension reconstrusled in Fagure LB, The hall 4y shown in Flgure
49 after removal frow Lhe sooket, bub witi the forward lockring still in plaoce.

The novehr at O dag s a sww out from tosulator removal. Alumimm owide depoaits

fwordfied by chemiow! analynis} aecs asen beowson the ball and foresrd lockring

murteess vver the 00 dest s tbmuth and grovnd to about the 60 dag meiontn. Addi-

ranad alutioom e st gire meon on The gL Yaoe of Che Toeward Lookeing.
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There wis, by desien, a gap during Clr-
g be ween the o't Cace of Lthe Corward
lockring and the forward tface of the
socket.  In conteast, the matlog (aeal-
ing) sarface botween the ball and
socket (the shiny band on the ball) s
free of contamination and any slgns of
leakage. The ball entrance shown in
Piguere 50 depicis the high, nonuniform

erosion experienced during the Niring.

The aurface of the socket is seen

in Figure 51,  The shiny, mating

sarfaer with the batl is, like the

11784-27
ball; free of covbaniaation aod leakege
Figave 46, Reconstructed indicatlions,  Aluminem oxide deposits
Exit Cone and Ball i dent, . A 1

\ . . . are eyvident wiaver, in Che annular
Fxtension, Nozzle S/N 1 are cvident, nodever, in the ammular

21091 gep that existed during test forward
of the sealing, load-carryving mating su-face. he posthaest socket wag craclesd

atoabout the 230 deg azimuth., Upor electicn ol the axlt cone and aimiltaneous
Toss of actuation, the forward biased thrust and actuator Torees, offsetbing the
blowelf load, were alao lost, The result was 3 2009 increzse in the bearinug
Toad on the sockel causing hoop tensile failure of the socket. Note that the
erack adges are gharp and therce ju no sign of flow through or near the portion
of the erack extending into the sealing aurface. Note also that the aluminum
oride deposit oover the portion of tie orack forward of the sealing surface is
cracked correspordingly, indicating the sockel cracked after the aluninum oxide

sl bdi foea.,

The meaasurad arosion profijles from the vecovered components are presesnted

in Figuare 52000 The offects on o enbranee oroaiop ol tne 7-1/0 deg cant of the hall

of Firing ara cleacr, with maviman erosion (n the olane

of cunt o The node of the entrancs gvectored into the (low (se that  impingesens,

weils P iee e Pree Gl ey cocamnabho) o wae soaebed Bl aatdy orad be o mavipus depth of
L in st the e ter e Twie e She majoriby o Lhe Plow preanmiably

A 0 Ot o . ’ e e




Figure 47. AfL View of Posttest Ball and Nozzle Ring, Noxzle S/N 1
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Figure 51, Postfire Socket, Nozzle S/H 1

21097

entered the nozzle! was aroded 1,24 1. The locations 90 deg from these were
eroded O0.44 in, and ¢.85 in. The average ballistic throat erosion rate was

11.0 mils/sec, which i3 surprisingly low for a 58.7 sec test of this severity.

The erosion of the ball ertrance and the surrounding forw vd lockring insu-
lators was severe and higher than expected had the {iring gone as planned. Flow
was severe encugh to okuse local melting of the steel cing that rebtained the
lockring, as show» in Figure 53, At least part of the [low severity can be

Hiuked to the canted position of the entrance duriag the last 42,5 ssce of the

tes
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Figure 53.

Postfire Steel Support for

i il

Lockring, Nozzle S/N

21093
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5.0 PROBLEM ASSESSMENT ~ ROTZLE S/N 1

Four signifioant prohlems were observed in the test anl postteat analysins

of nozzle S$/N 1:

Thread leakage, sxit breakup, : d ball extensi. . loss.
Excessive forward splitline srosion.

@ Aluminum oxlde deposition leading to thrust veator control (TVC)
system stall.

& Cracked socket.

The following discussion reflects Chemical Systems Division's (CSD) observa-
tions in conjunction with the characterization studies parformed o posttest

parts and remnants by Atlantic Research Corp. (ARC) (reference 2).

5.1 THREAD LEAKAGE, FXIT BREAKUP, AND JALL EXTENSION 1.03S

It was oonoludad that these problems were related, since tha exit breakup
and ball extenalon loss are belleved to have resulted from the flame-~cutting
effects of the exhaust leakage. The primary cause of the leaicage waz belleved
to bs a bad decis'on on CSD's part to denaify the exit to only 1.7 g/ce {(for the
purpose of saving weight), whereas the data base with wovan 30 carbon-zarhon
(C-C) materials such as this was primarily with materials denaified to about
1.9 g/cc. Density and porosity characteristics of the posttest exit and ball
extenslon were examined by ARC. The results showed & 1.6 g/cc denaity for the
exit, which iz oven lowsr than the reported 1.7 g/cc. The open porcaity of the
exit was determined to be over 21%, compared to 7 to 8% with typleal 1.9 g/ce 3D
C-C muterial. This represents 75% of the total porosity in the exit and resulis
in a specific oper. pore volume for the exit, which is more then double that of
the ball extension These results, coupled with a mismatch in thermal expansion
hetween the exit and bail extenrion and the numercus zones of weave anoalies,
contributed to the problems asscciated wich this test. In aidition, the bhall-
to-exit thresd deslgn was not the Leal. cholee. As discussed i section 6.0, the
K-acme thraad utilized d1d not ancommuodate, in some thresd forons, & full unit
celi of radial and circumterential vundles,  The lack of peintforcements in some

threed teeth probably resulled fu a slgnificant reduction in shesr capablility.

%4
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5.8 BYCEASIVE FORBWARD SPLITLINE BROSION

This problem may or may not have bsen causdd by the 7-1/2 deg ocantad
position of the antrance during the tfinml 42.5 soo of the test, Tt wan
therefore apsumed that the stublness of the entrance was af fault in that 1t
indussd high ciroulstory €low similar to that experienced in saheoais xplitiios
noxzleas. Lengthening the entrunce snd increasing the contraotican rotio o
croate s relat.ively qulescent ssparated flow vsglon near the melitline wan the

proposed solution te this problem.

5.3 ALUMIAUM OXIDE DEPOSITION LEADING TO THRUST VECTOR CONTROL SISTEM STALL
The posttest analysis oconcluded that depesition of aluminum oxide in the
anrnulus between the forward part of che ball and the lockring ceussd actuator

stall.

5.4 CRACKED SOCKET

The crack in the socket was moat likely caused by thoe exit wnd s tustor
lous. The loss of tha contributi:n of the axit to thrust and the losw of the
forward actuator biaa load (pull-on 'y z2eturtors) nsarly tripled the load on the
mocket . Howaever, for futuras designs 1t was deterained best to retain the socket
more pou: tively (on a ramp instead of a oylinder, and with tighter tolerances)
and to change ths socket weava design from a2 conical {rustra to a high-hoop
fraction eylindrical construction, which has more predictable charsotsristics.,




6.0 REDESIGN OF NOZZLE S5/N 3

Nozsle S/N 1 (Flgure S4), was later modlfled to gorrsct the proble s Ldenti-
fled 1n that test snd discussed iu csotions %.0 and 5.0. Dezign changes uwere
made only whers necessaary so thiet purformance in the taest of the second nozrle
could be correlated to the changes., The actuation system deal;n reralned
unchanged airce it performed without probloms during the 8 February 1979 test.
The potentlal solutions considsered in the nozzle redesign are summarized in

Table 3.

6.1 DESIGN CRITERIA
6.1.1 Bal.istics

The revised design waa to be tested on the short length super HIVPO (SLSH)
motor gt the Alr Force Rocket Propulsion Laboratory (AFRPL). The test condi~
tions salected were those representative of sdvanced upper stags oonditicona,
approximately 750 w»ala for 7% sec with & propellat of moderate sroslivengas. The
Government~furnished aquipment (GFE) graln was fabrloated by Chemical Systems
Divisiors (CSD) under AFRPL contract No. FOMT7O0-7%-C-0080. The propellant was

C8's UTP-19,687, a 90% sclids/20% AL/ 12% oyvelotebramathylene betranltramnine
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TrBLE 3.

SUMMARY OF POTENTIAL SOLUTIORS CONSIDERED (N

NOZZLE S/N 1 REDESIGN

T6825

- —vran,

Thrsad leakage . wxit
braakup, and throatl
axtension loss

Excessive forward
3plitlice eroaion

Aluminum oxide

deponition leading
to aystem =tall

? 1. Tacrease exit denaiiy to 1.9 g/os

¢ Langthen the threadsd jeint

3. Add oa stopped-jolint ses) at forward end of
Ligraads

N,  Twprove graphive ceunent applicrtion snd ours

5. Improve ball-to-axit Joint

1. Lengthen entrance ena incresse contractlion
ratio to vreate separated low raglon ab
splitiine

{.  Change Torward ilockring to cirbon phenelia
&0 Treat forward surtface of ball Lo pyrewve.t
deposition

1. Retain aovcket on ramp
2. Tigrten tolerances
3. Change aoocket weava from coninal {rustra to

f ey« dnder with high hoop velume fraation

ety

Cracisd sockat

(EMX) hydroxyl~terminated polvoutadisne (HTPB). This propellant was suncesi-
fully demonstrated in the Jet Propulsisn Laboratory (JPL) high energy perforae
ance noszie Firing, and the C80/8ociete Furcpeens de Propulsion (SEP) advanced

apogee motor firad at AFEPL on 15 November 1975.

The physical dimensions and properties of the certer-pectorated grair arve

presented in Tavle 4. The predicted ballistic conditions were as follows:

Maximum proasure, psia 803
Average pressure, psia T4H
doetion tiae, seo Th.6

The design maximum expseted operatirsg presurs (MEOP) was 1,004 psia (1.£% x maxi~

mum pPresIvre ).

ey




.1.2 TVC

The thrust voctor control (TVC) requirements were ldupilcel to those of

noyzle S/ 1.

Max .mum dellection, deg

Maximun slew rate, deg/sec

Minimum acceleration, deg/sec

Fivot polint

B cainfaxinl
40
300

Forward throat pivot

Since no pioblems were enceuntered with the YYC actuation avsten design

uaed with nozzle S/N 1, 1t remsined unchanged.

The actuation system again con-

gisted of four pull-only hydraulic actuators with an integral feedback potentio-

meter control system.

C1i3134,

The actuator assembly configuration is per CSD drawing

The puli-only nature of ths actuators provided a constant forward load

reducing the net blowoff load due to chamber pressure, and hence torque.

TVC performance calcuiations were made to determine the expected nozzle

reaponse and required actuator hydraulic sapply pressure.

The design paraszters

and expected response of the TVC syatem are presented in Table 5.

TABLE k. DIMZ

K

SIONS AWND

PROPERTIES OF UTP-19,687

73271

Waight
Length
Borty diameter

Web
Propeiant

Burning rate at
1,000 psia

Burning rate
asxponent

Praopeliant densaity
w

Mlams YemDeratupe

13,504 1ba
61.7 in.
§5.7 in.
16,3 1in.,

0.2623 in./sec
0.30%
0. 0653 1b/smo. 3

. e ey e
UL ne

G4 IR

The torque for nozzle S/N 2 woula be
lower than thut for nozzle H/N 1
vacause of the reduced average chamber
pressure (746 versus 1,355 psial.

Sinee the torque would be lower for the
conditions of S/N 2, the hydrauiic
supply pressure to the actuators was
reduced feom 3,000 pat {used for H/N 1)
to 2,000 psl. The reduced supply
preasure provides a reduction in the

bending loads imponad on the axit.

o4 DESTGN MODIFICATTONS
& masor effort of the desten

mod i fioation Inciaded sn lovestlaation




TRBLE 5. TVC DESIGN PARAMETERS AND EXPECTED RESPONSE, KOZZLE S/N 2

T8272
P-' LWt

Actuation moment arm 12.9 inm.

Piston area, accuator £.095 1n,°
Maximum sctuator pull force 12,090 1bf
Maximum torq.e capability of actuator 150,000 in,-1t
Forward bias load, sctuators 2h 121 1bwr

Ball spherical radius £.66 1n,
®pesaign fricticn coefficlent 0.12

Calculated response at MEOP (1004 psia):

T Net blow off load 46,000 1bf
Blowoff torque B¥,241 in.-1b
Aerodynamic torgque 5,500 ip.-1b
Offsat torgue 1,000 1a.=-1b
Total torque 90,735 in.-1d

Safety facteor, actuator capability 1.72:19

® Maximun measured on successful Navy Launch Vehicle Materials firing
August 1078
Ineludes forward blas load contribution from pull-only actuators

of alternative ball-to-exit joint concepts. Evidence from the firat 7-in.
hot ball and socket (HBS) {iring indicated that the exit core fallure initiated
at the threaded joint. Although the exact cause had not heen isolated, confidence

in uhranded Jotints war of concern.

Threaded joint coc.erns included: (1) uncertainty of load transfer
under bending loads, (2) uweercainty of sealing under bending loads due to
a possible gap, either mechanically induced and/or {rom differential thermal
expansion between the bals and exit, and (3) uncertainty of the load-carryiog
capatiifity oy iIndividual bthreed teeth under shear loasds.  The shear strength
uncertainty arises from the primary fependence of local thread shear strengih
on the pumner of local radial relnfo cementa, With o {ine thread deslign
{near the unit el size our leas) the probability of an adequete number of

padial bundles at a plven location in each tooth s reduced, snd henea vonfldence:

I the thread shear capabtiltty Ia oorrespondingly reduced.

Levieap-

several enial candtdates were evaiuated on the basis of structured

viby, Taby berla bity, and cost oand caspared to the fooe pere dnch 8cme Rhesads

B o N W NN st AL ST g N



incorporated in nozzle 5/N 1 (reference 3). The o-ndldate concepts included:
plns, keys, breech lock, and collar. Overall disadvantages were ldentified wilth

each concept for this application.

The study conciuded that for this particular design the candlidate non-
threaded Joints did not offer an overall advantage over an improved threaded
Joint. A coarser, modified Acme tiread was selected as the best replacement
for the four-per-inch Acme threads of S/N 1. The selected 1-1/2 thread per in.,
10--deg-mcriified stub Acme allows an cverage of three radial bundles per tooth
cross-section. This thread design provides a better shear capability than with
the finer four-per-in. Acme threads in which an sverage of only one radisl
bundle was present in each tooth cross-sectior. The included angle of each
thread form was reduced from 29 deg to 10 dep reaulting in an aimost square
tooth, to reduce the radial load component under 1VC bending. Figure &5 clearly

compares the differences between the 4 Acme and 1-1/2 Acwe threads.

Additional changes incorporated to precluds leakage at thoe joint included
increasing the exit densgity frem the 1.5 - 1.7 range to 1.9 g/ce, matching the
weave design of the aft throat extension with the ferward exit cone, and dmprov-
ing the application and cure of graphite cement. Increasing the exit deunsity to
1.9 g/cc reduces the open porosity of the exit from 21% or mors to the 8 to 9%
range, similar to that of the throat and socket. Py hetter matching the weave
apacing, fiber volume [raction, and density between the forward exit and aft
throat extension, more nearly similar propertles cen be expected, reducing the

potential for thermal expansion and/or mechanloally induced misnatoeh.

To redury the severy ecosion encoatersd in the Cirst test at the forward
spiitline between the ball and leckring, the entrance wes lengthenes! snd the
entrance expanston ratio was tooescasd.  This provided ) sacrifileial antrance

and a aeparated Flow region elifalnating direst lmplngement at the aplttline.

Changlog the forward lockring 1o 50 carboesi-oarnon LU0t carbor pheno
bie was o ended Yo heln prevent alo 0 denostlon Alumian o lens Flkely Lo

v

deposit o carbon pheootbe heeaans of (1) oot eassing ss Phe surfaee chuars ol
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(27 the higber surfacs temperature which results from the low conductiviiy of
the phenolic. Secondly, the bal' surface way to ba trentsd to hslp prevent depo-
aition, The surface treatment vardidotes wero evelualed under laboratocry

testing.

The prohklem ol *he cracked socket, observ: 1 upon posttest disassembly, was
most likely mssocstated with (1) the lose of the actuator forwvard hlas lood and
{(2) the exit cone's thrust cuntribution. These two effects nearly tripled the
bloweff load on the nocket. However, or conservatism. the weave plan for the
socket. was changed [rom z conieal constructlon to a cylindrical construction,
and a ramp retention was 1ntroducea. T'he response of & cylindrical billet to
toading can be more confidently estimated than that of a conicsl billet. The
sockef. was supported on a Y-deg ramp and tolerances were t'ghiened to better

ensure poslitive support.

The revised design (uozzle S/N 2) is presented in Figur 56 and cowpared to

the tested S/K 1 design in Figure 57. Note that the oxit cu.ie was truncated to
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Figure %7, Comparison of Nozzle S/N 1 to Redenignad Nowzle
27198
readuce the expanaicn ratico and prevent flow separation st the lower preasure of
the second test. Aerothermal and structucal avalysls resuity reportsd in rofer-
ence ? indicsate no design deficlencies, While C-£ billet fabrication for the
full-scale wozele way underway, parellel efforts ware on-yoing to aalect & oL

surface treatment and prepare for a subaeale weriflceation firing.

fr.3 SUPPORTING LABORATOERY BEFFORTH
The purprss of this tasko was bo davelop o swrface treatment Loy the spheri-
calo s Paces of the 50 -0 ball sag soaket which 'deally meet the tosiowliog

et ey

) fiedues the Friction cpefricient to reduos tovque
@ Bedace or e!iminate alumias daresivion
% 52l the surfuaes (raduse pacweabliddty) to psrmit bench testing with

Ean nranseye poov Ll Uhe axial Load,




£ survey of pomeraus surlaoce treatpent candidabes was pooductod inciuding
& llternture geerch and industey conbtrols. Candldates wore Soresned on the
basls o7 coal, reported friction moefficlent, peocessibility, and bigh tempmin-
ture eapaoility, Table 6 llsts those oerndldstes aubgsanentiy ocusldered for

Laboratory soale testing,

The various surface trestwencs wore appllea oo 3,920, sphevloal dlameter
C~0 pall and scohat fesd rdags such W thoye ahown in Flgure 58, Busch cest
bearlng 3ef was tested {n hhie bench test agsendiy ehown io Figurea 59, 60, and
61, Frlotion snd relative permeability datl wors obtained with thls vest coufige

uratlon.

Booh bril and socket set was situjested %0 piluy gad winug B-dew siogle wxls,
trisngular wave comaandns totaling #0 des nt travel fer esach event. VYactoring
wad performed over o rangs of Bl W socket boaring pressuores up to & nontnsel

valae o0 5,50C pgi.  The awdimun 2lew rase ochloved was 10.09g/sen.

The Frirtion coeffleient resuwl)ts Yo the wvatlaty of aurfoce treatoento
examined are sunaasdzed la Tanle 7. The meat promislog candidabe appearsd Lo b
che 50 Sermete /508 Yellon mixture.  Sersetel (type w), « corrosion Lohibiter

steel, conaisty of an agueons cevamio binder solatisn with alvaznun filler.
Sermatel Lo capable of wlthstandior teaperaturss of ab leant 1,200 . The combi-~
vatioa of Serwstel and Teflon ~oparently peovides the relatively low friction
codliny, chargacteristies of Telion while tne hara Sevwelsl ailds in preventing

c0ld flow and bigh neealcaway fraction typiaoally zagoedaied with Teflon.

TABLE . CAEDIDAYE CAPRON-CAUBON SURFACE TR NSRS
ThaT 3

N -~ Ceamny e R e T b B PRy O AR A NS Py €8s T

Capndidate Comment s

ey : owree

Dyl rmee T1L Grephite povder Lo Trichiovesthylone careier
Tefion ¢ Tow friction chardioteristiog

Serretel Inorganioally bopded aiuminum

Tt i/ Serme re Combina.lon may lnoreasase gevvice !p ralare
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; Figure 59. Laboratory Bench Tesat Configuration

g 16000

;q, The T-in. HBS interface is expected to experiencc temperatures up to 1,200°F

f j as shown in Figure 62. The ball and socket test rings treated with the Sermetel/
‘ Teflon mixture were placed in an oven te 1,200 F for & min. Upon removal the

coating appeared unaftected and, when retested, the friction coefficient was

unchanged (0.07 to 0.08).

The permeability of the C-C with the Sermetel/Teflon was alzo gsomewhat
roduced compared to previous experience as evidenced by monitoring pressuve
decay in the test rig. The ability of the surface treatments to inhibit alumina
deposition can be truly evaluated only in a static test firing: bhowsver, it was

believed that tne properties of Teflon might reduce the alumina problem.
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123232 Figure 61. Assembled Bench Test Rig
27200
TABLE 7. LABORATORY SCALE FRICTION CORFFICIENT RESULTS
TH2TH
Surface Treatment Eipiction Coefficient (M)
Untreatod 0.0 - 0.12
Dylon 711, 0.08 - 0.11
Teflon 0,06 - 0.10
Microseal 200 overcoated with miceroseal 100 0.11 0. 15
Fverlube O.10 - 0.1
30% Sermetel/T70% Taflon 0,06 - 0.08
H0% Sermetel /404 Teflon 0.06 - 0,08
lon plated tin on socket w/unbreated batld 0.1 0.1
Ton plavad tin on socket w/H0% Sermetel /
L% Tef1on on ball (.08 0.10
P Range of u oy be Gue Lo vaciarion of loads, #low roabe and wearine of
surtaces.  The maximum cosfficient measured is the deiver {or desten con-

giderations,
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7.0 SUBSCALE NOZZLE VERIFICATION FIRING

7.1 OBJECTIVE

The objective of the aubscale (2-in. Dt) firing was to verify the perform-
aace of modifications planned for the full-scale (7-in. D) hot ball and socket
(B8S) nozzle. The design modifications pianued for the full-scale nozzle which

were svaluated in subscale wers:

® Sacrificial entrance - was intendsd to split the flos and provide a
separated flow region to protect forward splitlinme components from
excessive erosion

L Carbon phenolic lockring ~ replaced the previously uss! oarbon-carbon
(C~C); intended (o reduce deposition of aluminum oxide in the splitline

» Ball/socket surface treatment - intended to (1) provide a low friction

bearing surface to reduce torque; and (2) inhibit alumina deposition.

In addition, the test was intended to acquire additional data on the HBS nozzle

and further demonstrate its thermostructural integrity.

7.2 ROZWLE DESICN

The mozzle assembly configuratiocn (CSD P/N¥ 13397-02-01) ia deplcted in
Figure 63. Assembled and exploded views of the wojor sutscale components ars
presented in Figures 64 and 65, reapectivel- Tris design is similar o that of

HBS nozzle tested in August 1979 under Naval Surfane Weapors Cenbter (NSWHC)

contract No. NGOL1-1T.C-0240 (reference), axocspt for the following:
® A lengthened, sacrificial entrance was iocorvorated i vhe Alr Feroe

Rooket Propuistion Laboratory (AFRPLY desieo
The lockring wmaterial was changed from C-~L to carhon-phenclic,
A friciion-reducling swlace treatwent wasy spplled to the AFHPL ball
arkt 2ocket spherical surfaces.
L The threads at the ball-fo-extc Joint were lengihenaed and the neluded
¢

angle of the thueads was reduced foeom 04 deg bo 10 de Uy reducs Lhe

radial osd component (which tesnds Lo pen oup the threead gap) .




® The firary tundle apacing of the SFRPL ball was orarser than that of
the KSWC ball (2.090 versus 0.05%0-1n.) to reflect current practice and

rad: e asost.

A summary of the similarities and differences betwsen ths NSHC and AFRPL
nozzles is prasentea in Table 8. A comparison of the prefire NSWC bell and
prefire AFRPL ball incorporating the sacrificial sentrapnce i3 presented in

Filgure 66,

The actuation system used in the N3SWC test was refurbished for onst
effectiveness for reuse in the AFRPL test. The syatem oonsisvad of four pull-
only hydraulic actuators with position {sedback sensors in a closed-loop configu-
retion and one servovalve per axis. Refurbishmeat included thoroughly cleaning
all compenents, nondastructive evaluation (NDE), and replacemant of O-rings,
hydraulic heses, and position transducers. Also, the exit occne firad in the
MSWC nozzle was reused In the AFRPL nozzle with refurbishment in the threaded

\
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Figure 64, AFRPL Subscale Hot Ball and Socket Nozzle,
Exploded View (Prefipae)
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TABLE 8. 0(OMPARISON OF THE aAFRPL SUBSCALE DESIGN WITH THE NSWC DESIGN

T827Y

f N3WC AFRPL
Throat diameter (in.) 1.92 1.92
TVC angle (deg) 15 8
Sacrificial entrance No Yes
Loockring materiel Carbon-ocarbon Carbon~phanolic
Surface treatment CcvVD Sermetel /Teflon
Ball fiber type KM HM
Ball fiber spacing (in.) 0.050 0.090
Included an le of bali~-to-e;il cone

thread shspe (deg) Y 10
Note: The exli cone fired in the NSWC nnzzla wa3d reused in the AFRPL nozzle
with new threads machined at the forward end.

7.3 BENCH TESTING
Upon assembly of the nozzlie and integration with the actuation hardware the

aystem was subjected tu extensive bench testing. Two of Chemical Systems

Civision's (CSD) TM-3 motor closures with a spacer ring beiween them were bolted

togethar providing a cost-effective bench twat pressure veasel. The nozzle nous-

ing was mated directly to the open port, and a plate with pressure fittings

closed off the port of the opposite closure. The nozzle was sul ected to numer-~

vizd blowoft lcads and hydraulic supply pressure while executing commanded vector

o

events. The nozzle was eventually loaded te the ploworl load expected at the

predicted naximum pressure of 861 psi. Hydraulie supply pressure was 3,000 psi,

the maximum planned o the atatic firlng.

The maxiov: torques measure’ during - ector events to 8 deg in the pilich and

yaw planes were 1,000 and 1,700 fir.-1lb, raspeclively, whiie al the muxiaun

Dlownl? lead.  The measurved torgus sali-. oovrespond te a friction ceef{lefent

hetween .07 and 0.08 (3%% less chan L at nominully olaerved without the

applled surTace treaziment). Figures 67 snd 68 present the mep=u.ed Lorgue loops

for vector events tn the piteh and yaw planss, resvectively, at tpe xpenteld

magimum blowof D Tead of 4,600 Thi,
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7.4 TEST RESULTS
The statlic test firing of the HBS norzle on 18 March 1981, utiltzed CSD's

T™-3 motor oo pad ST-1 at (SD's Coyote developuent canter., The loaded canc config-

uratbon wea per U5 draswing C11947-03--07, The center-parforatled grala couasisled
of M1 ih a0 CS s UTELYG, 68T propellant, & 90% s03tds/20% 31 hedroaxvi
termingted polybutadtens (HTPB) Lype with 123 eycloletramsihyiong tatrantboamtos

EHpY
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The pressure-time trscs measursd during the 2B.sec firing is shown in

Flgure 65, The maximus pressure was $3% psla, and the average presrule wes

e 4

779 pats.  The mavimum ot average sxial thrust sas 8 370 and 1B yespec

coasanded during
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Exnloded View
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Lo ball and secket occurrad as avidenoed by the excellent coudition of the
meting ball and sochal surlfaces.  The arosion profile of the ball was sootn,
oylindrical, and tubuiar. The aeasurad averages alllskio throat srosion rate

wad S8 miledzen,.  The postiest erostion prafile 1 shuen in Flgure Ti.

The postisst ball ls ceaparad siuvn the nrefire condition in Figuere 72, The
sacrificial entrance rarfomed well preveatley srosion of the splitlire com-
wenanty,  The reduced entiance arosicn la clearly rseen whan compared to the
postiest NIWC call in Figors 73 which did not Incorporste the sacrificlal
entrapnce., I feet, 1t performed coc well sincs, unexpectadiy, no arcsion
vecurred vn the curbon-gianolis lockring which was found to have aswelied Luto
the ball preventing execution of some thrust wvector control (TVC) events. ‘the
design gap bLetween the ball and lockring was inadequate and was subsegnently
aodified for the full-scale asaembly. The phenolilc Jockring otherwise performed

well., No aluminum cxide was observed on the ball, socket, or in the splitline.
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19634-7

Figure 73. Comparison of Postfire NSWC Subscale Ball (Left)
(Tested 29 August 1978) With Postfire AFRL Subscale Ball
(Tested 16 March 1981)
27209

Since interference of the lockring with the ball occurred from a few
seconds past lgnition through the duration of the firing, isolation of the
performance ¢f the surface treatment during the firing is impossible. However,
because of the excellent Tow torque results achieved with the surtface treatment
duaring bench testing with no evidence of any detrimental effont ) it was sclected

o the full-ocale test,

anocverlay of the TVC position commands and measured responsc s shown in
Figure 74, Threec-quarters of the total vector travel commanded gan peprformed

including vectoriog in the cross piane to 8 deg. AL ) scec into the firing the

novzle achieved 0% deg of o Hedeg command it the mitnas saw plane when the
torague cyceoded the onpabiasiby ol the actuetor (3,850 e -1hY Buain at 1Y
Phiomgh 3 gee the porzzle wiy unahle Yo paespaond Lo L [ETRNS PRYSEES o poocoammiogeds dn
Lhe yiow plane,  TVC evonts st fattott dn the yaw piane were performed | Bowever,
wirbho borp b Phoay cxpected torgqae s Beends i tne porbely et oo s plaaen
vieries e vV oemend et o bR i bgEbeee i g besl 0 Py v e

P P e e ek howes bl Weiv iy e Wi h o Cieproty 8 ! R th
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aystem was perforwing properly before wotor Ymidttlon. This date, iecluding the
reaponas Lo comwands sl fallof?T and snolyals of the acgulred sctuator copteol
data monitorsd duriog the Oivieg, shows thet w fault exlatsd withia the
actuation aysten.  The hlgh torgue geasured lo attribited o the inadeguate gap

provided betwaen e bald and oag bove-pheeno Lo Tookerlng.
The following ovaervatlosoy ware dude:

#® The sacrificlal spbrance wey ef Cective o protscling the Sorward

sp i ine cowmpoitenten By provialag o separated Ulow ragion,

% The earbon ghenadio Dookyoong was ool oo loteny by gappes foom Tie pow .

all resudting dva IeterDarence whon 10 obaresed syl swolis




L) The applied surface trsatment demonatrated, in bencn testing, a 35%
raduction in torque fruu that nominally measured in previous tests.
The phenolic swelling oroblem precluded confirmation of torque
raduction during firing.

® The surface treatwsaent did not detrimentally affect performance of thas
nozzle in firing.

& Aluminum oxide deposition was not apparent in the splitline or

on the bal) and socket surfaces.

All of the modifications demonatrated in the subacale test were incor-
porated in the full-scsle masembly. An increass in the radial gap deftween the
phenalic lockring and ball was incorporated in the full-scale design. This
test and a survey of industry experience with carbom phenclic in aplitlines wsas
the btasis for the chanze in the full-scale design., The spherical radius of the
full-seale S/N 2 nozzle loockring was subsequently modified to provide a Q.10~in.
radisl gap between the hall ond lockriog while ¢he ball is seated on the socket.
Thin gap results dn 0.30 in. of axial translation by toe ball from the seated

pogiiion on the lockring to the socket.

RIE,
hetel



E.C NOZZLE S/N 2 . FABRICATION AND TESTING

8.1 HOZZLE FABRICATION

The second 7-in. D, hot ball &nd socket (H#B3) nozzla conformed to Chemical
Gystems Myvlsion (CSD) drawing C131179-02-01. MNozzle S/N 2 maintainsd the same
basic physioal charscteristics and short length super HIPPO (SLSH) motor inter-
Tace as novzle S/H 1 except that the exit was truncated reducing the expansion
ratio to 7.8 {versus 13.8) and the overall lemgth to 37.9 in. (veraus 49 in.).

The 3D carbon-carbon (C~C) ball, socket, and exit cone were fabricated by
Fiber Materialsa, Inc. (FMI) sith Usnion Carbide T300 fiber. The preform weave
apacing for the ball at the 7~in., raference diameter was AR = 0.090 in.,

AC = 0,100 in., and AR = 0.080 in. The fiber volume distribution for the ball
is presented in Figure 75. The sockst prefom wes woven as a cylinder (axial

fibsrs running parallel to the centerline) as vppomsed to the frustra design of
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the /. /N 1 woket. ‘ike spacing at the spheriocal dismster of the socket was

AY = 0,090 L, &AC = §.200 fn., and AR = 0.080 in. The fiber volume discritu-
tiorn for ithe socket is presented in Figure 76. The exit, woven as a frustra,
maintained @ constant apacing beitween bundles of ¢.090 in. in Che radial dir-
ection. The spacing in the ax'al (meridional) direction increased from

0.080 in. at the forvard ar ! ¢t 0.720 in. at the aft end. The aircumferential
spacing of the exit pref v wvaried from 0.070 4in. at the forward and inalde
dismeter (ID) to 0.300 iw. at the aft end outsidv diameter {OD). The fiber

-

volume distributions for thre: z ies of the exii cone as depicted in Figurn 7

are presented in Figure: '8 arc gh 80,

Allied 15V conl tar plich s used during Jdonsification of gll three
billets up to the final resin 1 pregrnation stage. The ball and socket were vt
processed thrrugh one low pres: ire rigliization cynle, flve presgsurs-

impregnation carbonlzation (PY 1 oycles at % ¥, wnd one final resin cvele. o

/U o s - or— U e P :
d
i

[P — - - q
i

J—
Eal
o
f —— - - R wl T L
W iR - : -
L G Haddlal
NM“”“ - £ A
.w““ ALl
a oo -
el
"
(2 M’
"*’W. i
30 T e
‘l S A ““"”‘l-«m.‘ ““‘”’ T ¢ b
P Heeeen P . R . o -
L1 _—

20

4

|-

thy

gi1Y




. e e SR
15"1 in A~ A r—-‘- 8 e
2

12.23 . \\\
\\\
_— T A
—
\\ \\ 18.34 in
\ \N \
"’\\ ‘\.\
\\.‘ ~ \N
\ -
= A \\.,M“ 5.36 in
L 3 ~~N\‘\N‘
e ] __~J
e —memee B 00 0 =
Y S 1 B 1Y) BT SO
it et 20.50 10 = e - - "'J
;3-‘...4.,.__,. T TtV BN TII - - S _.._J

Figure 77. FExit Cone Preform Dimensions, S/N 2

~xit one we i processed through three-low pressure Lmpregnation vy:les, three
-kal  C cv-les, and three resirn lmpregnations. All graphitization rms were

2R,

<
¥

N o ball and exit cone were processed throvgh densifleation without anvy
major aif ‘culties o anomalles. However, distortion of the nominal weave geome-
try wis acarect in the socket billet follewlng the initial atwospheric cirbon-
tzati . bLpon skin anactining, the clrecumierential yvarns on the DD were slusped
{equally aisplacing the radials) in the axial direction. The maximum amp:l fude
of the undulations wis nearly | in.  Afver continued processing, skin machining
revested the ancemaly was a surface condition !y, and would not sxtend tnlo the
Final machinet part.  The disiortion was mont tlkely Lhe result of jmpropes
preform framing. I addition 1o the fisiorted weave anomaly, Lhe aocket

syperiencasd o oabor bed oyole during the Pifeh 10 run. The condit fons at
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Figure 78. Exit Cone Preform, Fiber Volume Distributior at Sactinr 4.2
(Ref'erence Figure 77), 3/N 2
27255
shutdown were approximately 450 C and 5,000 psi. ‘'he billlet was subsequently
reprocessed through another pressure carbonization cycle. Final machined
gqensities schieved were 1.90 g/oe for the ball and socket and 1.83 g/ce for the

axit onne,

Machining of the final parts was done by ¥MI. TIhe finish machined bail,
gocket , and exit cone e shour in Figures B1, 82, and 83, respectively. The
grocve milled 1nto the QD of the sockel way incovporated to accommodate acoess
for straln gage instrumentai ton during npozzie asseabiv. che carbom-pheaotice
overwrap on the socke! seen i Flgure 82 was added tolioving a mashining earrop

wherehy the {.deg CD taper wms ronnive backwerds . Hence | the OD st the it and

War oveprsize while Lhe forword el was undersize.  (srbon pheonollc was aall o dp
on the ancket | aored I plaos . wnd omeer tned corpect [y 10 the ot L R E RS
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Figure 79. Exit Cone Preform, Fiher Veolume Distribution at Section B-B
(Reference vwigure 77), S/N 2
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view of the 1-1/2 stub Acme threads of the ball 1s pfcturnd in Figure BlU. Note

that three to four radial fiber bundles are evident i{n each thread form.

Ne hardware fron the 5/N 1 nozzie firing was salvagcable Cor reuge on
nozzle S/N 7. The actuavion system, steel nozzle components {including the
nosele edapter and compliance ri g), and the phenoltie insulalors were fdentioal
to the S/N 1 counterparts.  The phenolic tnsulators incliuding the flat-lamlinated
carbon-phenoliic lockring were rab 1lcated by Edler Industries. Assembly of the
noz-le was alse performed by Edler. Upon delivery to CSD, the assembly was inte-

grated with the actuation system and lnstrumenced with thermocouples and strain

gages . The locationa of thermocoupien and straln gages aee deptotst in Fig-
e Bho The tuatramented noczle and actostion zasamb'y (s shown in Flgure 8o
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8.2 C-C MATERIAL PROPERTY TESTING

FMI conducted extenstive mechantceal and therwme! tag-end property testing on
the ball, amsocket, and exit cone {refersnce 5). The acgulred property data woo
rayiewsd by CSD and used bo wdate margins of safet, for orttical feilure modes.
Tables 4 arpd 10 respectively present the thermal and m=scbantcal test matrix per-
formed. The mensured property data indicated an (naigniticant decrease in the
shenyr strengih of the socket frog that sssumed in analysis. Al other valuoes
exceeded the assumed allowables uzed In analysia, Table 17 vpresentn the revized
Hg‘ﬂ‘.&? &

marging of satety (all of whi-h remained postttivel For kev fatlure modss

wibh Ul messiead Droneet y o v lasas,
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Figure 81, Ball, T-in. Hot Ball and Socket Nozzle S/N 2
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TABLE 9. THERMAL TAG-END PROPERTY TRST MATRIX

T5058R
3 Thermal
Diffusivity, Type of Billet Spscimen Locaiicon
Priority { 70 to 4,500 F in Billet
and — Exit Specimans
Test No. Radial Axial Ball | Socket ! Cone Radial | Axlal per Test
1 X X ID Any 2
2 bs X ID Any 2
3 X X ID Any 2
) X x ID Any 2
% X X Mid Fwd 2
€ X X Mid Fud 2

8.3 BENCH TESTING

flefore the steel nozzle adapter ring was delivered to Edier Industriaes for
final assembly, the ateerl nozzle mock-up was assembled with the actuators for
actuation system checkout and verification as was done with nozzls S/N 1
(desceribed in section 4.1). Following rheckout and disassembly, the adapter
ring wvas shipped to Zdler for final assembly.

The assembled nozzle was returned to CSD and bench tsated with the same
test fixture as was used for mozzle S/N 1. The threoat was plugged and a rubber
dlaphrag: was fzatened to the forward end of the ateel adapter. The cavity

between the diaphragm and nozzle was preasurized with GN, through the throat
2

Difrficvlties were experienced when attempiing to presaurize the nozzls to
the full biowoff load expectsd during firing. The porosity of the C-C prevented
achlevement of pressure corresponding to loads highsi than 508 of the blowoff
toad expected. The surface Prestment Drovided an improvement in reducing open
porosity compared to that exporienced with nozzle S5/N 1, but was not sufiicient

to enable Tull presaurizaticn.  The open porusiiv le 2ssentially reduced Lo zero

g6




TABLE 10

« MECHANICAL TAG-EN.

Priority
and
Test No.

!

| Type of Billet

Typa ol Test

Loading Cor

Exit
Cone

(Frustum)

Ball

(3D C/C)

Sockeat
(3D ¢/C)

Radial

Axlal

Radial
Core

Hoop | Shear

Axiazt
Core
Shaar

Hoop
Cora
Shear

[}
Shear

Tension

Con

D O=1 T FEW R -

25

PP P DA ¢ M P D P D

e op

»

E T R W I I

< g

>

G P > > w4

e

> >

Ealtad

<

R

Notes:

¢ Specimens to be cut perpendicular
to exit wall, polt nozzle axis
T I'ha test methods spaclfied are:

QD]
()
(32

()

{4

! Speoimens

Comprassion ring segmant tenxt
Standard lLherma! expansion test
Full ring spscimen test with boag
pransiare
re shear teosl

Axial tension cospiression teat
i b oot parallsel Lo

oxit wall

Data Bogquisition:
The following Informetion will

X

Ed

X

N

be provided:

O

(1) Complete load definction history, including
corprenyive ring negmant tast

() Locations of spacimens relative Lo orizinat
lacstion in billet)

(1) Act .. diceraboans oF anevimenr

(47 Wambar of ik bundles apd £1lasents (axta

(5} HMoonlan

(6) Uliimate atreass

1y ¥ thermal sxpansion testa, heat

Wy ourvas




L. TAG-END PROPERTY TEST MATRIX

D A S

TSGSTR
Specimen locatlon
Loading Condition Teaperatara, F In Billat Kind of Test
S —
Medulus
2 and Theresl Teatt | Specimens
Tension | Compression | 70 § 1,000 {1,500 2,500 Radial | Axfial Strength | Expansion | Mcthod | per Test
X X Any Fwd X {(3) 2
X X Any Fwd X (3) 2
X Any Fwd X (H) 3
] X Any Fwd X (&) 5
3 X X Any Fud X (5) 3
X X Any Fwd X (53 3
X X Any Fwd X (5) 3
X X Any Fwd X (5) 3
Any Fwd X (2} 3
Any Fwd X (2) 3
: Any Fwd X (2) 3
X X oD Any ? (3) 2
X X oD Any X (3) 3
X X oD Any X (1) 3
n Any X (2) 3
™m Any X (2) 3
" Any X (2) 2
X any AL X () 5
X Any Fwd b 4 (L) 5
X oD Any X %) 5
X X Any Any X (5) 3
X X Any Any X (3) 2
X X Any Any X (3) 2
4 Any Any X 2) 3
: Any Any X (2) 3
| Any Any X (2) 2
g X be 1D Any X (3) 2
y X X m Any X (3) 2
4 X X 1D Any X 3) 2
] X X o Any X (3) 2
X ! Any Aft X (4) Y
3 X Any Aft X () 5
] X Any ATt X (4) 5
X Any At ¥ (#) 3
X X D Any X (%) 3
X X on Auy X (5) 3
3 X Any Any X (%) 9
X X Any Any X (%) 3
X b3 Any Any X ] 3
X X ob Any X ) 3
~ i S 1 O SRS S - .

provided:
vy, ineluding lateral companaation load uned in the

wo Lo origlral biilet (radial, szfa!, and ofrcumferential
lamenta (axial, rcadlal, and boop bundles) in gpectimens

heat up curves sl oatdown car s Brn cwgolred

97/ 98
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at operating tomperatures; therefore, thils is not a problem during static fir-
ing. Success 1 vectoring was accomplished at the 50% load expected while
demonstrating torque values predicted for those loads. Vectoring was also
demonatrated on the lockring under the full load of the actuators as is typlcal
during prefire steering ochecks.

8.4 STATIC TEST FIRING

6.4.1 Genersal
Nozzle S/N 2 was static test fired on 20 November 1981, on the SLSH test

wotor at the Air Force Propulsion Laboratory (AFRPL) test pad i-5%24. Ths motor
was loaded with 13,410 1b of CSD's UTP-19,687 propellant, a 90% solids, 20% alu-
minum hydroxyl-terminated polybutadiene (HTPB) type with 12% cyclotetrametiiylene
tetranitramine (HMX). The igniter, a phenolic cartridge type, was in accordance
with CSD P/N C0G631-07-01. The design average pressure was 743 psia over a
rlanned 75-sec duration. The planned duty cycle is presented in Figure 87. The
first thrust vector control (TVC) event was planned at & sec into the firing.

The nozzle was actuated by four pull-only actuators operating at a hydrau-

lic supply pressure of 2,000 psi. The system was conticlled in a continuous

b hi [
J
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closed-loop feedback contipnration by two servovalves, one each contiolling the
piteh and yaw axis, and four linear position transducers, each integ -al with an
actuator. Two difTerentisl presgsure teansducers and two absolube pressure trans-
ducers monitored the actuator cylinder pressures for determining torque.  Addi-
tional instrumentation inclnded two motor chamber pressure tranducers, 23
thermocouples, 18 strain gages, and five movie cameras. Facility limitations

prevented acquisition of axial thrust or side force measurements.

Ninety sec before ignition, during prefire steering checks, the nozzle
successfully performed the commanded trapezeidal wave form in the pitch and yaw
axes. The nozzle was seated on the forward lockring at this time nunder 24,000 1b
force contributed solely by the pull-only actuators. When the chamber pressure
rose to 300 psi, the ball was expected to shift from the lockring to the
socket, a distance of 0.30 in. From ignition to 1.9 sec the ball was seated
on the lockring. At 1.9 sec into the firing, annular flow was observed around
the ball as it moved off the lockring. The flow was predominaftly over an
arest of 180 deg (O to 180 deg) as seen in Figure 88. At 6.9 sec, the ball
seated on the socket and sealed off the flow in the annulus between the ball

and socket. Between 1.9 and 6.5 sec, the bail was suspended by the actuators
) p

Prugnee SR U ol Blow Avomnd Bal b Betweoen 2 oand oo, Nows e G000
ALY

101
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betwewen the loc! ring and the socket, allowing annular flow. The annular

flow impinged on the outside of the axit and on ths actuators. Thermogouple
and strailn gage wires wre severed by the flow, so nc exit instrumentaticn
data was recordsd later in firing. Rubber insulation was partially peeled off
the actuators. Plating of aluminum oxide was observed where the annular flow

impinged on the outside of the exit and compliance ring.

Table 12 liats the sequence of svents during the ignition to 6.5 sec per-
fod. The sequence was derived from analysis of the high-speed (1,002 frames

per sec) cameras and the other instrumentation.

Between 5 and 11 sec the first vector event (yaw plane + 3 deg) was
successfully accomplished; however, torgue values increased signiiicantly as

the event progressed. The nozzle did not respond to subsequent commanded

TABLE 12, SEQUENCE OF EVENTS, NOZZLE S/N 2 (FROM IGNITION TO 6.5 SEC.)

T8277
Approximate

Time,

aec Event

0 Motor igniten

1.1 P, is sufficient to create aft blow-off load higher than
forward force of actuators

1.88 First aign of £l : observed around ball

2.0 Thermocouples atraln gages along aft ball and exit conu
no longer functional

2.3Y4 Silicone rubber starts to peel away from 50° actuator

2.6% Silicone rubber starts to peel away from 0° actuator

kv Burst of alumins observed in plume of %secondary™ flow

.0 Firat ve:rtor event in yuw plane begins

6.7 Flew around ball diminishing (begina to aseal)

6.5 Ho flow (ssaled)




svents. The measured torques after i1 sec were of stall values (about

150,000 in.-1b).

The nozzle remained intact for the 75-sec duration while experiencing stall
forces of 12,000 1bf for single axis events and 17,000 lbf in the cross axis.
Chamber preasure versus time is plotted in Figure 89. The maximum pressure was
847 psia, while the average preasure was 688 psia over the 74.6-sec action time.
The ballistic throat ercsion rate was 4.7 mils/sec. Significant data related to

the test of nozzle S/N 2 is presented in Table 13.

8.4.2 TVC Data
Translation of the nozzle 0.30 in. axially from the lockring position to

the socket required an ec al amount of stroke by all four actuators. during

this period (within 1 sec after ignition) when the blowoff load due to chamber
pressure was increasing above the forward load due to the actuators and the
thrust centribution, the nozzle was in the null position. Stroking the actuator
piston 0.30-in. aft ~equired the displacement of 1.8 tn.3 of hydraulic filuid Zrom

180
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{} N e 15 20 2% 3 ! 46 4% 50 i) &y Hh H h
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Flgure 849. Fresaure vs Tips, Nozzle S/H 2

103




v TRV

e VR

TABLE 13. SIGNIFICANT DAT , HOT BALL AND SOCKET NOZZLE 5/MN 2

T8278
Test date 20 November 1981
Propellant 90% solids, 20% Al, 12% HMX
Action time (sec) Th.6
Maximum pressure (psia) 841
Average pressure (psia) 688
Ballistic throat erosion rate (mils/sac) 4.7
Accomplished TVC travel (deg) 29
Maximum vector angle (deg) 3

each of the four actuators. The two servovalves (one for each axis) were ot
capable of instantanecusly displacing this volume while in the null position
with nearly zero current supplied to the servovalve. The actuators were essen-

tially experiencing hydraulic lock.

The low capability of ths servovalve 1s a function of input current as

presented in Figure 90. The measured current on the pitch and yaw servovalves

obtained from the test data was 0.2% and 0.05 mA, respactively, un to the time
of the firat vector event (5 sesc). The {low rate capabllilty of the two
servovalvea was hence approximately 2 and 0.5 tn. */sec for the pltch and yaw
Axts respecttvely As chamber pressure and hence blowei ! load was ineressing,
the pressure in the actuator cyllinders Jas inereasing, until at 1.9 sec the ball
was pulled off the tockring by the actuators.  Before this Ulme the ball wan
seated and sealed on the forward lockring under loads wmposed by the acstontors,
Az Flutd was stowly relieved, the nozzle apowly shifiag aft off the lockeriag.
The fact that the piteh actuatora were displacing fluld approximately Four times
faster than the yaw setustors, and the yaw plus actuator at Q0 deg was sxpart-
e b hvidesal e pregsuares approximately 15 to J0% higher than the opronlie yay

mime aolustor, may have ol te asvoatelries! movewent of Lher bt i, whileon wouold

explatn ihe obscrved Flow only from O to T80 dep witi the maximoum occurring at

Gioder s Conatdering the Dow Jerkage rate of the ysis aepvavaelve (000 in T sec)

(MY
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1t would have taken over 7 sac to displace the totsl 3.8 1n.3 of fluid had the
it this time the.

yaw axis not bean commanded through a vector event at % sec.

current input to the yaw sorvovalve lncressed to 0.6 mA significautly increasing

the flow capability of the valve.

to diminish.

Within 1 sec the flow around the bal! began

Piots of cylinder pressure versus time for esach of the rfour actus-

tors are preaented in Flgurss 91 through 94,

The Cirst event (1 3-deg triangular wave form) at 5 sec wans acnomplished,

however, torqus increased ss the event progreasod.

values through this event from 5 to 11 sec resulted from the alumina which

The doubling of Lhe torquae

plated on the ball and sockat surfaces during the 4 sec of flow around the ball

a3 svidenced upon posttest disasmembly and documentary movies.

versus tlme is pressnted in Figure 95.

A plot of torque

The second plamnsd event to 8 deg in the piltch axls st 15 sec and all

subsequent vector events were not achieved.

Stall torques of 150,000 in.-1lb

measursd during these perjods were attributed to the aclidified alumine betwsen

the ball and socket.

ovi.clayed oan the planned duty cycle in Figure 96.
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planned 162 deg of vector travel were accomplished. Additienal TVC plots for

nozzle S/N 2 are presented in appendix A,

8.4.3 Thermocoupie Data
Twenty-three thermoccuplos were instrumented to the nozzle as shown in
Figure 85. Two tungsten/rhenium thermocouples were sttached near the exit

plane. Three of the 21 chromel-alumel types were located on the pltch-plus

actuator at 0 deg. Four were located Indepth intn the zocket, two indepth into
the iockring, aix at the backface of the socket and lockring, and six wers
ingtrumented along the length of the exit cone including the compilance ring.
Each of the three wuxlal locations on the lockring and asocket wes ipstrumented

with a palr of ¢hermocouples 180 deg apart.

Thermocouples 1 through 12 (indepih and backface thermocouples on the
lockring and souket) responded for the full 79-sec duration. Plote of Lempeira-
ture sersus Lime Por these 12 thermocouples are presented in Figures 97 through

108, The «ffecl of amular flas aroand the ball, for 8 asc, o tLhe Lharmosoup! &
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response at the lockring and mocket is apparent in the datm. Higher teupera-
tures ware measured by thermocouples 1, 3, &, 7, 9, and 11, which were within
the 0. to 180-deg ares of observed muximum flow, than by thove at the same
veapsctive sxlal station, dbut 180 deg wway. An sxpacted, the most signifiocant
difference withir each pair was for those indepth in the sookwet and lookring.
The two therwocoy; les (7 and 8) indepth into the forward end of the C-C socket
rose significantly at 2.5 sec bscause of the flow around the bail. TC7 within
the 180-deg area of flow iose to 1,280°F within 7 sec, then dropped to 920°F

at tailoff. TC8, 180 deg away, peaked at 700°F within 5 sec and measured 6B0CF
at tailoff. An overlay of the temperature time history for TCa 7 and 8 is pre-
sentad in Figure 109.

Thermoccuples 13 through 20, along the uxit cone, were no longer functional
after 2 aec into the firing. ALl of these thermoccuplas were located at either
0 or 90 deg (within the region of flow). Plots of temperature versus tims for

these eight thermocouples are presented in appendix B.
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Thermocouples 21 and 22, located behin¢ 1/8-1in.-thick rubber on the pitch-
plus actuator cylinder, and TC 23 on the actuvator shaft responded for the full

firing duration. This actustor was within the region of flow experienced for

5 sec. Temperature versus time for these three thermocouplez is presented in
Flgures 110, 111, and 112. The naximum temperatures measured on the cylinder
were 110 and 200°F for TCs 21 and 22, respectively. TC 22, further aft than

TC &1, showed a rise of about 759F at the time of flow (2 sec) whereas TC 21 was
unaffected. TC 23 on the actuator shaft quickly rose at 2 sec to 610°F. berore
dropping, and then rising again to 610°F at tailoff. These measured tempera~
tures wWere not high einough to have caused thermal expansion binding of the

actuator.

8.4.4 Straln Gages

Eighteen strain gages (10 hoop and e¢ight axial) were instrumentsd tc the
nozzle as shown in Figure 85. Four hoop gages were Instrumented on the 0D of
the lockring nd four hoop gages were placed on .he mocket OD. A1l ten gagesa
(two hoop and eight axlal) on the sxit cone were lost at 2 sec becauss of
impingement of the annular Ilow. Two gages on the socket (SG 5 and 6) were not

functional at ignition. Because of the anoralous events which oncurred at the
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beginning of the firing and uncertainties in the bsaring gesomsiry reselting foom
extensive alumina deposition, clean interpretation of the dala is difficult.
However, indications on gages 1 through 4 (Figures 113 to 11b) of the lockring
at 2 sec support the asaquence of eventa established from the TVC data and high
spead movies., Two gages (3 and 4) on the lockring exhibit svents at 25, 47, and
60 smec, when vectoring In the yaw plane was attempted, indiocating interference
with the lockring. Extensive deponsition of alumina bstween the nhall and lock~
ring found upon disassewmbly verified that interference did indeed occur. Plots
of =train versus time for strain gages 7 to 18 are presented in appendix B.

B.4.5 Posttest Hardware Assessment

The posttest assembly is ocompared fo the prefire condition in Figure i17.
The fired nczzle was in very good coidition eapeclally when conasidering that
{1) the ball was subjected to nearly 5 sec of unexpectsd annular flow near tha
beginning of the firing and, (2) the exit cone was subjectsd to stall ioads
imnosed hy the actuators dur' . most of the firing duration. The axtensive
al iUna # 3 plated on the (utside of the exit cone indlcates the aseverity of

the conidar flow experienced.
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Figure 113, Hoop Strain va Tige, S/G 1 (Lockring, 459
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The condition of the posttest entrance and throat is presented in Figure 118,
The entrance erosion pattern was substantially improved frowm that of nozzle
S/N 1, proving the effectiveness of the sacrificilel entrance. In addition, the

sacrificial entrance virtually eliminated erosion in the splitline region.

The posttest actuation system shown In Figure 119 shows the rubber insu-
lation bonded to the actuator eylinders partially burned away. The actuators
were, however, not sufficiently heated to he considered a contributer to thoe
high torque measured during the firing. FReuse of the actuatora is feasible with
only ainor refurbishment. No elecirdcal wires, hydraulic lines or other

associated actuation hardwire ware damaged.

The nozwzle, after removsl of the sccuation systam and some cleaning, is
shown in Flgure 120. The steel sdepter ring, adapter insulator, compliance ring
and the exit oone are all raumsable. 0«38 graphite cement in the hall-to-exit
threads preavented Lhs sxli rom baeing unscrewsd, whick 1s normel. Therefore,

the ball was cul from the sxit forward of the thread: to enable potential
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! Figure 119.  Posttest Actunation System, Nowzle S5/N 2
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subsequent. reusge of the exit.  Upon removal of the eoxit cone, the remaining

nozzle components were disassembled.

Two views of the fired bail are presented in Figures 121 and 122. Note the
discoloration, alumina deposition and wear patterns due to flow and alumina abra-
sion that resulted from the annular flow early in the firing. A close-up view
of the alumina deposition on the ball and between the ball and lockring 1is
presented in Figure 1232. Another indication of the severity of the annular flow
iz evident in Figure 121. An eroded step can be seen at the lower part of the
ball (aft end) where the surface was once conical. This damaged region extended
from 0 to 180 deg only, with the maximum impingement at 90 deg corresponding to

the region of maximum flow obscrved during the test.

An overall view of the socket and a close-up of the alumina deposition
found on it is shown in Figure 124. The groove on the OD of the socket was
incorporated for strain gage instrumentation. A close-up view of the extensive
alumina plating found on the 3pherical surface of the carben-phenolic lockring
is presented in Figure 125. Because of the increased gap, the lockring did not
swerll into the ball, as occurred with the pherolic lockring of the subscale

novzzle. The sccket may also be reusable with minor refurbishment.
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Two views of the exit cone with the aft portion of the ball suitl threaded
to the cone are shown in Figure 126. The exit cone was in excellent. condition

and is reugable after machining off the ‘maining aft ball.

The measured nozzle erosion profile i3 presented in Figios 127
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9.0 OBSERVATIONS/CONCLUSIONS

At the start of this program the hot ball and socket (HBS) integral nozzle
and thrust vector control (TVC) system had been established as state-of-the-art
in tactical size by the completely successful test of a énin. throat diameter,
15-dag nozzle for the Naval Surface Weapons Center (NSWC). Despite significant
scale~up challenges, great strides have been made with only two large test fir-
ings toward the goal of providing an improved, simple, and reliable TVC system
to allow advancements in future large wotor propulsion systems. It is appareunt
from lack of complete success in large motora that further dsvelopment is

warranted.

It ia probable thet 7-in. nozzle 3/N 2 would have been 100§ muccesaful,
as evidenced by the posttest condition, had the assoclated actuators been
modified + . 1low immediate seating of the ball on the socket. The problems

associat I with nozzle S/N 2 are suminrized as follows:

® The actuation system was unable to instantaneously reileve hydraulic
fluld from the actuator aylinders, and prevented the ball from
translating 0.30-in. and sealing on the socket for about 5 sec

@ During nearly % sec of annular flow around the ball, aluminum coxide
liberally plated on the ball, socket and lockring

® The aluminum oxlde =clidified after one successful vector event,

stalling the mystem.

The problems assoclated with nowzle S/N 1 were primarily attributet to
inadequaclies in the 30 cavbon-carbon (C-C) exit cone material. Fabrication of
this cone, the large L ever of {is kind, was & wa jor ucdertaking four years ago.
Since that time, as demnsirated by nozxie S/N 2, great improvements have bhewun

made . Large 1D C-U exit cones are 1w atate-nf-the-art.




10.0 ACCOMPLISHMENTS

l

Significant accomplishments under this program include:

¢ Desmonatration of the capebility of a large (7-in. Dy) HBS nozzle to
survive the severe thermal/structural environment assocliated with
advanced upper stage test conditions

L] Demonstration of the tenacity of 30 C-C as evidenced by survival in an

unexpactedly adverse envirornment during the 5-sec of annular (low

around the ball, and under subsequent stall forces experienaed during

'.ﬁ - the remaining planned duration
E { ® Demonstration of a large C-C ball and sooket to provide a non-leaking
! interface once seated
i { ® Damonstration of the effectiveness of thre sacrificial entranse to
: reduce ontrance and splitline erosion.
3 {
| t
‘ In addition to these demonst:nied accomplishments, siinificant knowledge
i and experience wag acquired under this program relsvant to the design cf
g ‘ carbon-carbon (C~C) nuzzles, Althcugh the erperience gained ia appliocable to
' C-C nozzles in general, the benefits are pgrticularly associated with C.-C TVC
nozzles. Aa a result of the partisl fai’ure of nozzle S/N 1, attentlon wus
j focused on several lkey design elements which may have net been considered
l otherwise. Included were:
) Carbton-carben threadead jolinis
® Spritiloe entrirce ercsion
@ Hoop tensile fallure of the socket

The thread design of the ball-to-exit cone joirt was a significant contri-

mator Lo the exit fallure of nozzle 5/ 1. Carefal attention 13 warcanted {n

future dealgna to ensure that g thread form machined to CoC i compatlb's with
;

the reinforcement spacing of e swteriai. 15 a thraad Corm congtsts of ioas

than one ottt o oedll ferlufor

st the thrsad strongih will be conaldaralbly

vaduced from that axceoted Aloce, compatibilivy of poapy Jlen D) e, daaniiy,

Db tvpe mnd weave characihos istion) belweea the mating D 0001

Wil oAand exii is
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desirable to snhance reiiability thersby allevizting the potential for problems
such as thermal expanaion induced stresses typical of » non-homogeneous inter-
face. An extensive study of non-threaded Jointa was also conducted (refer-
ence 3). The alternatives evaluatsd were not found to offer an overall advan-
tage to the 7-in. hot ball and sockst nozzle desaign but may be advantageous
under g different set o oonditions.

Excemsive aplitline enirance erosion as associated with nozzie S/N 1 was
corracted with the incorporation of a "sacrificial entrancs® which inhibited
direat impingement and subsequent ercsion In the aplitliinme. By contour contruol-
ling the entrance, a separated flow region was created providing recircoulation
of flow. This experience can bs spplied to any future nozzlias where ooncern

about entrances splitline erosion exists.

Due to the hoop tensil: failure of the 3/N 1 sockst, ssveral wodifications
improving this reoglon were implemented. The structurally critical socket was
clanged from the previous conical frustra design to a mors reliable h!th hoop
fraction cylinurical construction, thersby providing a construction of more
predictable nsharacteristics. Also, ramp retention and tighter telsrances on
the CD of the socket were incorporated.

Other aveas of knowledge which were enhanced by this program includs C-C
property testing and instrumentation. Extensive tag-end property testing of the
3-D C-00 ball, socket and sxit cone provided further structural and thermal data
needed and desired by analysts. This work also provided an opportunity to

refine tsat metheds snd cata interpretation for the complex C-(C materiel.

Insteomentation of large nozzles was advanced with the imple antatliun of
Ligepth thermoccuples in nozzle S/N 2. The gquality ot daca wes suprisingly goou

with no adv.rae effects v nozzle parflornancs.
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11.0 BECOMMENDATIONS

Since the prodlems with nozzie S/H 2 wers atiributed only to the actuation
system, the design modilications recommandod to subssquently ensure a ocompiataly
succanaful large motor Jdemonstration ars foonsad on the wcetuation syatem.
Modificatlion of the actuators to provide an aft bilased load would enabl: Lhe
ball to be seated aft on the socket at ignition, siiminating the proble
ausociated with axial translation. By maintaining a p :itive load on tLha
socket, the forward lockring previously required for pre-ignition steering
ohecks can be eliminated. An advantage recognited by the removal of tha
lockring is tbat there i3 no ionger a small ga a1t the forward end susceptible
to geouwmulation of aluminum oxlde. Increasing the annulav space sround the
ball will allow rapld heating of the surfaces, preventing aluminum oxide deposi-
tion an oceurred wn the previous cooler, insulated surfaces. The suggested
nozzly radueaign lncorporating these improvements in the splitlive is presested
in Figure 128, Note that the recommended improvemonts further simplify the

syatew.

The recomnendsd modification of the exiating actuators i1s preaented in
Figure 129. The modification requires the incorporation of glande to enable
ses ling and pressurization of ths cavity on the push side of the piston with
nitrogen gas. By pressurizing G, slightly higher than the hydraullc pressure
on the pull side of the piston, an aft hias load 1s oreated, maintaining a
positive meat of the ball ¢ the smocket. It is recognized that torque will be
slightly incrsssed with the aft bias lomd of the actuators. However, devsl.
opment. of the blowoff losd &8 ~shamber pressure rises can be sensed, and the GNQ
can be bled oubt, returning wbe asctuators to a pull-only mode so that theare i3 no

Tnerease in torque duriog sctor opepation.

Most of the hardware ugsed for rnozzle S/R 2, including the exit cons, oan be
roused {as discussed ln section B 4.5} for a cost effective, fully suscss:lul

firing of a third large nopzls.
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Figure A-1., Yaw Command warsus Time
Pigure A-2. Yaw Command Mcnltor versus Time
Figura A-3., Yaw Positimn versus Time
Figure A-4. Yaw Plus Pot Voltage versus Time
Figure A-5. Yaw Minus Pot Voltage versus Time
Figure A-6. Yaw Servovalve Current versus Time
Figure A-7. Pitch Command verzus Tima
Figure A-8. Pitoh Command Monitor versus Time
Figure A-9. Pitch Position versus Time
Figure A-10. Pitch Plus Pot Voltage versus Time
Figures A-11. Pitch Minus Pot Voltage versus Time
Figure A-12. Pitch Servovalve Current versua Time
Figure A-13. Pitch Torque wersus Time
Flgure A-14. Axial Position versus Time

Figure A-15. Hydraullc Supply Flow Rate versus Time

&-138




TEST 2

SOCKET

AND

SLSH HOT BALL

B EUS i
R B [F SRS 4
- L I DT
N 8
- 42
s
- =
‘ $
M
ﬁn.
1
& W E
il R R - GhaeT R 95 WA W W

27161

Yaw Command vs Tiae

Figure A-1.

TEST 2.

¥
H

SLSH HOT BALL AND S0CKE

Yaw‘ Command Monitor vs Time

ud W

A-2.

Figure

27162

134




|
i
1 -
}
] !
i
o - i
O o
-~ ~—
~ ~
[4¥] (A
<
B
-
@ B~
B a :
— >
£ e
@ @
z o,
. = 3
. ~
= o & °
w - < >
— + —
. Mw b=
— 0 o’
- o v o prd
24 [ . K
(d rd
W > = Gy
=
<o < z
! = o - s 2
1 I ] T !
-5 Bl :
— — M“ oy
4 = L] S
T | g - ®
= 2 - A 4 i
& ..% » ‘T
: 7 = A = m\.
- =
“ s J s W0
=2 e i
. ’ fw F e
. { 1
_ _M ‘ A H |
. . i I
w H.h‘ |n\h ] ‘U.m. l&nmﬂw N hw-:mow'p ﬁ." W e w\a = e ey Tt coe mu.:u&w.!h wr T wl Wy et
:

R LR S L

Al |




R S

B SRS FERL PR Sent e

AT T v

= =1 ]
-2
wi N
— -48
3n
- £
= Hig
M ~a
o i W
2 =
g s
l ! g
P ] ~-{8
= -—ig
[+ ]
= e
2 ]
- _
@ 2
3 s
s
\ re
N L
! 2
wa e e w e Bl W

Yaw Minus Pot Voltage vs Time

Figure A-5.

27165

"
<

TESTY

ANB SUCKET

SLLsH HOT HALL

&
*
Tz
s
-
1
_h
B B
Tia
T o 5
. . . N \‘L
T- — iz - q_a.
‘N'#Il —er— - - g
T s .
e e RS - g
SR S R S
H X 2 “.Lt
S S aa o
- - . L N Mm
e i
\N‘n\i\.‘!.vl‘m.\nl - i
. '
- =
%
N _ ¥
. s .
- i
I B o 2
J —— - —a
N :
-3 2
w N

i ‘ ‘
ol weé¢ o wli 5 mﬁmﬂ w5 @i erir @

Yaw Servovalve Current vy Time

Figure #-6.

27166

AR Sy

A fly




3
L
Y

3
;
:
3
X
3

s
- 3
N Tis
L~ T
i3
-
2
]
8
e
8
/I e 3
e — £
— oo T - &
“ -
L
- 3
_ _ . L5,
a
- z
— - o - - I 2
= ; : = 2
S . DR I e
Ll —_ = - — oW
x
E - - &=
2 SR LT
a »..m
2 i T
= - - e
-
= —— . 3
= T ]
o =
!
]
[
I8
ts
iz
& we wh

o numwn-“r-lw.wmu:mﬂw et e

27168

Pitch Command vs Time

-1

Figure A

ET 2

TE

L AND SOCKET

SLSH HOT BAHL

Commard Moritor va ime

Pitch

Figure A-8.

27164

A-142




Q —
W ~
= -
o =
2§
" r
m £
L m
& 2 _
B >
< T e
ar S Nﬁ%
. > i
: Land
_ § o
(502 el =
@ ot >
bt = -
o o
; - o ~
B ‘e n =
i = s s -
S s . :
“ _ <+ w B =
2 = o 5
\Iu 3 — V!
i : - )
i - < =
g = >
= o
3} = x m
= I p
1 )
N e » L
: 2 5
1 - o
F, - 3
g -
.
2 3=
w‘. 3

wa wa =% >
= *endn - Kb *E T = 2

o g ot

PSS 5 A




27172
27¥73

TEST

vovalve Current ve Time

Pitch Minus Pot Voltage vs Time

m ” . ) =
5 , =
g = w.. .u
W @ vﬂ.u o i
foes E
z Z
T B o
- <
g - >
. o =
4 - - .
i o : = .
= — g - o
! z ) - - N A
i & = - =
i o .
: 5 5
3 G =
- -
3 ko &
L2 s wr Réw.ﬂﬂa, »a@&ﬂ&#_;ﬂ% =l wd  weer ad MK arn lum‘ N P m«d! T £
3 pamnd 3 - _— . . 2 =N U S I




el ™ S S

TEST

SLSH HOT BRLL AND SOCKET

gl‘l e wE wm gz&d' *ﬂw xmwan.. m»'.nm A

Pit.ch Torque vs Time

Filgure A-13.

27174

-
vs Time

PR
; - .
= . g m
. N &
, 22 1
R T
= : TR -
o £ S
x " -
A ) L ‘
< - =" 2 .
W T ! -
g< AM

. AND

i
|
|
L
Figure A-14.

SLSH HOT BALL
T
[T H o

t

i

i\

:

BN

ux . ery



27176

- R

IR TINL

AR e T N
TEST 2
LR

TRy

Hydraulic Supply Flowrate vs Time

A A

R SR DU R
TR IR

SLSH HOT BALL AND SOCKET

Figure A-15,




Appendix B

ADDITIONAL MEASURED STRAIF VS TIME PLOTS
AND' TEMPERATURE VS TIME PLOTS, NOZILE S/N 2
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Figure B-1., Thermonourle and Straln Gage Loostions Mozzle S/M 2
¥igure B2, Strain versus Time, 8/G 7
Flgure H-3. Strain worsus Time, 5/ 8
Figure B-4. Strain versus Yime, 3/G 9
Figure B-%, Strain versus Time, S/Q 10
Flgure B-6. Strain versus Time, 5/G 11
Figure B-7. Strain versus Time, S/G 12
. Figure B-8. Strain versus Time, 3/G 13
Flgure B-9. 3tralp versus Tiwe, 3/G 14
Figure B-10. Steain versus Time, 8/G 15
Fizure B-11. Strain versus Time, 8/6 16
Figure F-12, Strain versus Ties, S/G 17
Figure B-13, Strain versus Time, S/¢ 13
Figure B4, Tamperature versur Time, TC 13
Flgure 5-15, Tewmperature versus Time, TC 14
Figure F-16. Tewrpsrature versus time2, TC 15
Figure B-17. Temperahure wersus Time, TC 16
Flaure B~18. Temperature varsus Time, TC 17
Figure B-19, Temperature varsug Time, TC 8

Figure 8#-20. Temporsture veraus Time, TC 19

Pilgure B-21. Temperature versus Time, TC 20
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